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Abstract 
Hydrogen vehicles have the potential to emit significantly less pollution than conventional 
petrol and diesel vehicles and could also reduce dependence on fossil fuels. Perceptions of 
the environmental and social benefits of hydrogen as a transport fuel have led to the 
development of both the vehicles and the related infrastructures. The technological 
obstacles have been overcome to a great extent, but there are many other obstacles still in 
the way, such as public opinion, regulation, safety and cost. 
This thesis focuses on the costs associated with the early stages of developing a hydrogen 
infrastructure and uses the introduction of hydrogen buses (a likely early application) in 
London as a case study. 
A hydrogen infrastructure built for an initially small number of vehicles is estimated (in this 
thesis and previous studies) to be very costly in comparison to more conventional fuels. It 
is important to find possibilities to lower costs at this crucial stage in order to reduce 
obstacles to the introduction of hydrogen as transport fuel. The aim of this thesis is to 
compare a number of pathways, from production to dispensing (of hydrogen), in order to 
find the least cost pathways for a number of different scenarios. The analysis is performed 
with the aid of specifically designed spreadsheet models. 
It is shown that only seven of the thirty different pathways which the models compare, can 
be referred to as 'least-cost options'. The choice of a particular least-cost option depends to 
a great extent on the size and structure of the refuelling infrastructure, and the rate of 
growth of demand for hydrogen. In addition, the time-related analysis shows that although 
foreseeable technological developments (leading to cost reduction) and variation in the cost 
of fuels (natural gas and electricity) could affect the unit cost of hydrogen, these factors 
have httle effect on the relative costs of the various production-delivery pathways 
compared. 
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Part I: Introduction, Background and Literature Review 
Chapter 1; Introduction to Thesis 
1.1 Overview of Thesis 
1.1.1 Focus of Research 
This thesis analyses the financial costs of a hydrogen infrastructure suitable for a small, but 
growing fleet of vehicles in a city such as London. The main aim of this study is to explore 
the least-cost options for the production through to delivery of hydrogen (also referred to as 
a production-delivery pathway) under different assumptions and scenarios. 
The focus is on the initial stages of developing a hydrogen infrastructure, as this is the stage 
associated with high costs, which are perceived to be a barrier to the introduction of 
hydrogen vehicles into the market. This is evident from the literature review in chapter 2, 
where a number of publications have shown that due to the small numbers of hydrogen 
vehicles in circulation in the early stages of the infrastructure development, the unit cost of 
hydrogen will be very high compared to more conventional transport fuels (Thomas, James 
et al. 1997; Ogden 1999; ADL 2002; Stromberger 2003; Weinert 2005). 
The key factors that affect the unit cost of hydrogen are identified and examined, and a 
number of least-cost production-delivery pathways are found and compared. In order to 
carry out this analysis an Excel spread-sheet based model was built, capable of analysing a 
number of hydrogen infrastructure technologies, currently on the market. 
The effects of time-related factors, such as level and rate of growth of demand for 
hydrogen, development in technologies, and changes in energy prices on the cost of 
hydrogen from the different production-delivery pathways are also analysed. The aim of 
this latter analysis is to see whether and how the relative costs of the different pathways 
could change over time. One key assumption for the time-related analysis is that the 
infrastructure being developed is for a fleet of buses operating in London (see section 
1.2.3). 
This study was part of a wider hydrogen infrastructure in London project at Imperial 
College, Centre for Environmental Policy, sponsored by EPSRC. The overall aim of this 
bigger project was to analyse the technical, spatial, environmental, social, as well as the 
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financial aspects of introducing hydrogen as a transport fuel in London. There has been 
some transfer of data between this PhD thesis and the other studies within the group, 
particularly those analyzing the technical aspects of the infrastructure and the demand for 
hydrogen. 
1.1.2 Problem Statement 
It is now generally accepted world-wide that human activity is the main contributor to the 
phenomenon of global warming. Even in the USA, which currently has one of the most 
sceptical of governments with regard to this issue, the Bush administration has 
acknowledged that human activity is the main contributor to increases in the earth's 
temperature' in the past 50 years (Justus and Fletcher 2006). 
The UK government, which has long accepted the existence of this phenomenon, has 
committed itself to relatively strict targets with regard to the reduction of Green House 
Gases (GHGs). In addition to signing the Kyoto Protocol, which commits it to a 12.5% 
reduction in GHGs (compared to 1990 levels) by 2008-12, the UK committed itself to a 
60% reduction in carbon dioxide emissions (compared to 1990 levels) by around 2050 in 
the Energy White Paper of 2003 (www.dti.gov.uk/energv/environment/climate-
change/index.html, accessed 6/8/07). A further Energy White Paper (Meeting the Energy 
Challenge), published in 2007, re-confirmed the 2050 target and stated yet another goal for 
the UK; to make real progress by 2020, cutting CO2 emissions by more than a quarter 
compared to 1990 levels (www.dti.gov.uk/energv/whitepaper/page39534.html, accessed 
9/8/07). The UK government has also introduced a new draft Climate Change Bill (on 13 
March 2007) which creates a legal framework to achieve domestic and international action 
to reach CO2 reduction targets. One of the actions listed in the 2007 Energy White Paper 
necessary to reach the UK's CO2 emission targets is to increase the use of low carbon 
transport. This is to be done partly by encouraging the use of more efficient vehicles and 
supporting innovation in new vehicle technologies and fuels. 
Hydrogen vehicles, particularly fuel cell vehicles have been shown to have great potential 
for reducing CO2 emissions, especially if the hydrogen is produced via electrolysis using 
renewable sources of energy (Joffe and Valiantis 2006). Indeed this has been one of the key 
' The Bush administration is however, sceptical about the majority of the estimates of future temperature rises 
predicted. 
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reasons why interest in hydrogen vehicles and the infrastructure to support them has been 
growing steadily in recent years. 
In order to start replacing the current fleet of vehicles, (most of which run on petrol and 
diesel) with hydrogen vehicles, two major hurdles need to be overcome. Firstly the price of 
hydrogen vehicles needs to fall in order for them to be competitive or near-competitive with 
the more conventional vehicles, and secondly the infrastructure for refuelling such vehicles 
needs to be developed and grow continuously in line with demand for hydrogen. 
Although hydrogen fuel cell vehicles (as well as other types of hydrogen vehicles) have 
been and are being developed by most vehicle manufacturers, progress has been slow, 
partly due to misgivings about whether or not an adequate hydrogen infrastructure will be 
in place by the time these vehicles are ready to enter the market. Similarly if a hydrogen 
infrastructure is built before these vehicles enter the market, it will have a very low load 
factor, or at worst be completely redundant. This is the vicious circle of non-development, 
often referred to as the 'chicken and egg problem' that hydrogen, hke some other 
alternative road transport fuels, suffers from. 
In order to break this vicious circle of non-development, both events, i.e. vehicle 
development and sales and hydrogen refuelling infrastructure development need to happen 
together. This is, to some extent, what is happening at present with regard to technology 
development. The technology for both hydrogen vehicles and hydrogen refuelling 
infrastructure has made significant progress in recent years. For example, there have been 
significant developments in small SMR technology, which have resulted in reductions in 
both capital and running costs of hydrogen production (see chapter 5, section 5.2.2). 
For the price of hydrogen vehicles to drop and hydrogen infrastructure to be built, as well 
as development in technology, demand for the relevant equipment needs to increase. At 
present the only demand for the very expensive hydrogen vehicles and the equipment 
making up the hydrogen infrastructure is from national and international pilot projects, 
most of which involve industry partners. These small numbers of sales are stimulating the 
nascent hydrogen road transport industry, but only to a small degree. The situation is likely 
to improve as the number of these pilot and demonstration programmes grows world-wide 
(see section 1.2.4). 
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Technology development and market stimulation can be compared to two handles turning 
the price reduction/demand growth wheel. Once this wheel gathers enough momentum the 
handles (of public/private support) need to do less work, and can eventually be taken away. 
But before these 'handles' can be taken away, it is important that any initial hydrogen 
infrastructure development is carried out as cost-effectively as possible. In other words, 
there needs to be a clear least-cost strategy for the initial stages of hydrogen infrastructure 
development, so that there will be efficient use of funds and the unit cost of hydrogen is 
brought down as quickly as possible. 
It has already been found by other studies that concentrated, and predictable demand by 
fleets of vehicles (such as buses) is the most suitable type of demand for a new kind of fuel 
entering the market, as it will require a small number of refuelling points; the predictable 
demand will mean a higher load factor which has the effect of lowering unit costs. The 
question is, what is/are the least-cost pathway/s for supplying such a fleet of vehicles, and 
as this fleet grows will the type of least-cost pathway change? This is one of the key 
questions that the analysis in this thesis tries to answer. 
To address this question (as well as the others mentioned in section 1.1.1), a number of 
parameters need to be considered. The obvious ones are the costs of the different processes 
involved in the production and delivery of hydrogen, and how these costs vary with flow 
rate, energy prices, load factor, distance to point of use, etc. There are a number of ways in 
which hydrogen can be produced, stored, transported and dispensed. These depend mainly 
on what primary sources of energy are available and whether the hydrogen is required in 
gaseous or liquid form. If different options are possible, the decision for which methods to 
use will depend on costs. 
As well as current costs of the equipment that make up the hydrogen infrastructure, their 
possible future costs will also need to be considered. Indeed the introduction of a possible 
low cost technology in the future should also be taken into account as far as possible. 
The problem is thus vast and not every aspect of it could be examined in detail in this 
thesis. It therefore had to be narrowed down and made more manageable. The aims and 
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objectives of this thesis are set out in section 1.3, and its scope and limitations are discussed 
in the section that follows. 
1.1.3 Scope and Limitations 
As mentioned in section 1.1.1, this thesis analyses the costs of hydrogen infrastructure, with 
case studies focusing on a small initial fleet of vehicles in London. A number of 
production-delivery pathways are analysed in terms of the key costs and parameters and 
their unit costs are compared. Although conventional types of fuels and vehicles (for road 
transport) may be mentioned in this thesis, it is not part of the objectives of this research to 
compare the costs of hydrogen with petrol and diesel (or the respective vehicles) and draw 
conclusions from such comparisons. 
In addition to financial criteria there are many other aspects to every production-delivery 
pathway for hydrogen. These include technical, environmental, spatial and social aspects. 
These, as well as safety and regulatory aspects, should all be taken into consideration when 
planning to build a hydrogen infrastructure. Although this thesis only analyses the financial 
aspects, other important factors that could affect the choice of options presented are alluded 
to wherever appropriate throughout the thesis in order to give an idea of the bigger picture, 
and remind the reader of the boundaries of this analysis. 
The research and analysis in this thesis has many limitations, mainly imposed upon it by 
the time and resources available, but also by the availability of cost data. The main ones are 
as follows: 
o A single city, albeit a mega-city, has been considered for the location case-
study: London. 
o Similarly one group of road vehicles has been considered: buses. 
o The hydrogen infrastructure technologies included in the modelling analysis are 
limited to those that are currently on the market (with one exception^). 
o It is assumed that a hydrogen infrastructure network is made up of either on-site 
or off-site refuelling stations. 
2 Solid oxide electrolysers which are still in the development stage are included in the cost analysis in section 
8.2.1, chapter 8. 
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The last limitation Usted above refers to the fact that in this thesis it is assumed that a 
hydrogen infrastructure can only be developed to form two types of network; one 
consisting of a number of refuelhng stations with small on-site hydrogen production, and 
the other with fewer large production sites each supplying a number of refuelling stations. 
In reality a hydrogen infrastructure network could include a combination of the two types 
of stations, or groups of stations. 
The costs of these other hydrogen network options could be compared in future research 
work, as could the effects of varying hydrogen pipeline structures. There are many other 
areas of cost analysis that could not be included in this thesis mainly because of time 
limitations. They are discussed in chapter 10, section 10.7. 
In some cases, mainly because of the lack of availability of data, assumptions had to be 
made regarding certain costs or other parameters. These assumptions could have resulted in 
some inaccuracies in the cost estimations made. These issues and relevant parameters are 
discussed in chapter 3, section 3.7. In addition, in chapter 9 (section 9.2) the effects of 
uncertainties in various parameters on the model outputs are estimated. 
1.2 Background on Related Issues 
1.2.1 Environmental Benefits of Hydrogen Vehicles 
To reduce pollution from road transport a number of different types of alternative vehicles 
have been developed and are in use worldwide (albeit in very small numbers). Most of 
these operate on natural gas, hquid petroleum gas (LPG), biofuels or electrical batteries. 
Since the early nineteen-nineties vehicles running on hydrogen have joined this group. 
Though still a long way from commercialisation, hydrogen vehicles, particularly fuel cell 
vehicles (FCVs) have been rapidly gaining popularity amongst vehicle manufacturers, fuel 
providers, pohticians, and others, who feel they could be the long-term, if not medium 
term, solution to a number of today's transport problems. 
One reason behind their growing popularity is that because of their higher efficiency and 
use of a 'cleaner' fuel, hydrogen FCVs can potentially produce much lower emissions 
compared to conventional internal combustion engine vehicles (ICEVs). However, 
although the nitrogen oxides (NOx) and particulate emissions from hydrogen FCVs are 
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much lower than ICEVs, the amount of carbon dioxide (CO2) emissions depends greatly on 
the method of hydrogen production and distribution. 
A study by David Joffe (Joffe and Valiands 2006) which investigates well-to-wheel 
emissions from FC buses in London, found that if FC buses were fuelled from hydrogen 
produced via steam methane reforming (SMR), CO2 emissions would range between 69 
and 97 kg/100km (depending on the method of hydrogen distribution and dispensing)^, 
which is considerably less than the average from a similar fleet of diesel buses, of 120 
kg/100km. This study also found that if the hydrogen was produced from on-site 
electrolysis, there would be almost zero CO2 produced if the electricity was generated from 
renewable sources of energy; if the electricity was from the main grid, the amount of CO2 
per 100km would be higher than that from diesel buses. 
David Joffe also shows that if FC buses in London are fuelled using hydrogen generated 
from municipal solid waste (MSW) gasification, well-to-wheel CO2 emissions could be as 
low as 30kg/100km (this analysis assumes that the process of hydrogen production from 
MSW is CO2 neutral). 
FCVs have also made much progress in terms of their performance; current prototypes can 
perform almost as well as conventional vehicles. Honda's FCX V3 hydrogen fuel cell 
concept car, for example, claims a range of 110 miles and a top speed of 80 mph 
(http://corporate.honda.com/press/article.aspx?id=20010213001278, accessed 3/7/06), 
while the Mercedes Citaro city bus has a range of 125 miles (Crawley and Adamson 2006). 
Some vehicle manufacturers, however, although convinced of the benefits of hydrogen for 
transport, are not developing FCVs; BMW, for example, has instead developed an ICE 
vehicle, which runs on hydrogen. The advantage of the latter is that it is a bi-fuel vehicle, 
which can also run on petrol. 
1.2.2 Hydrogen and other Alternative Transport Fuels and Vehicles 
As mentioned above, there are other types of alternative vehicles that could potentially 
reduce road emissions. A number of these vehicles are at a more advanced stage in terms of 
^ This study assumes that an FC bus is 25% more efficient than an ICE bus. This is quite conservative 
compared to other studies which state that FCVs are more than twice as efficient as ICEVs ((Thomas, James 
etal. 1997)). 
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market development and commercialisation compared to hydrogen vehicles. Furthermore, 
the use of some of them does not require any changes to the present road transport fuel 
infrastructure. One such vehicle is a diesel hybrid, which has an ICE running on diesel as 
well as a battery that is charged via regenerative breaking power (these vehicles are also 
referred to as hybrid electric vehicles (HEVs)). Transport for London, who are currently 
testing six diesel hybrid buses in London, claim that these vehicles can reduce CO2 
emissions by at least 30% compared to today's diesel buses 
(http://www.tfl.gov.uk/buses/environmental/hvbrid.asp, accessed 19/3/07). 
Electric vehicles have been in use for a number of years, albeit mostly for niche 
applications such as forklift trucks, scooters, milk floats etc. The main reason why they 
have not been successful in making more significant inroads into the road transport market 
is the power to weight limitations of the electric battery, which results in a relatively short 
range for these vehicles. New types of batteries such as Uthium ion are set to improve the 
range of electric vehicles however. 
A more recent type of hybrid electric vehicle is a plug-in (PHEV) or an e-hybrid. These 
vehicles, which can run on petrol/diesel or electricity contain batteries that can be charged 
by an external power source as well as the vehicles own regenerative breaking power. 
PHEVs can have substantial all electric ranges of 20 to 60 miles (EPRI 2001). A recently 
published report (Romm 2006) states that these vehicles cost less than conventional ICEVs 
to run and can travel four times the distance on a kW of electricity compared to a hydrogen 
FCV. Although e-hybrids are not competitive with existing ICEVs, they currently cost 
considerably less than hydrogen vehicles. 
ICEVs can also be adapted to use natural gas or biofuels"^ following httle or no adjustments 
to the engines. The infrastructure for natural gas exists in most regions of the developed 
world, and there are already a number of vehicles on the road today running on NG as well 
as LNG. While NG vehicles do not have significant benefits (compared to petrol and diesel 
vehicles) in reducing CO2 emissions, vehicles running on biofuels are said to have the 
potential to be carbon neutral. 
'' Examples of biofuels are bioethanol, biomethanol and biodiesel. Biodiesel can be used in any concentration 
with ordinary diesel fuel with little or no modification to the vehicle 
(http://www.nrel.gov/vehiclesandfuels/npbf/pdfs/40555.pdf. accessed 14/3/07). 
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So if these technologies and related fuels could reduce emissions (in some cases more than 
hydrogen vehicles) and are more readily available compared to hydrogen, and their use 
does not require drastic changes to the current vehicle technology and/or refuelling 
infi-astructure, what additional advantages would hydrogen vehicles offer if any? 
The advantages of hydrogen vehicles become apparent when a more long-term view is 
taken. Biofuels seem likely to supply a limited fraction of road transport fuel needs, as their 
cultivation requires the use of land, for which there is competition from other agricultural 
needs. Their extensive use seems therefore likely to be limited to regions where both 
economic and practical conditions are right for their cultivation and use and substantial 
secure and competitively priced supplies of improved feedstocks are available (such as 
some regions of the US and Brazil). NG vehicles, as mentioned above, do not provide 
notable reductions in terms of CO2 emissions- particularly when compared to the more 
efficient types of ICEVs on the market today. 
That leaves electric hybrid vehicles as potential competitors to hydrogen FCVs in the 
medium to long term. Hydrogen vehicles have one main advantage over electric hybrid 
vehicles, and that is the flexibility of fuel use. Hydrogen can be produced from any type of 
hydro-carbon fuel as well as coal and MSW. It can of course be produced from electricity 
(via electrolysis) as well. In addition, in the long term, once oil resources become so scarce 
that their use in road transportation becomes uneconomical, the only other true contender to 
hydrogen vehicles (running on electricity) would be all-electric vehicles. As mentioned 
before, with current battery technology, these latter vehicles have a relatively short range 
compared to hydrogen vehicles, although this is set to improve with the use of new battery 
technologies. 
It is possible that in the long term the vehicle population will be a mix of hydrogen vehicles 
and electric vehicles. Small vehicles or those that do not need to travel long distances 
would operate on electricity while others, particularly large vehicles such as buses that have 
ample room for hydrogen storage, will use hydrogen and fuel cells. As noted biofuels may 
also be an option in certain regions. Future vehicle mixes will ultimately depend on 
technology development, as will the date for commercialisation of hydrogen vehicles. 
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It must be pointed out that FCVs can also use methanol or petrol, provided these fuels are 
reformed using an on-board reformer in order to convert them to hydrogen first, before it 
can be put through the fuel cell. 
The costs of on-board reforming for FCVs have been analysed and compared to the use of 
direct-hydrogen for FCVs, and together with the estimated cost of the fuels it has been 
concluded by a number of publications that the former is at present more expensive 
((Ogden 1999), (Thomas, James et al. 2000)). Never-the-less a small number of car 
manufacturers, such as Renault, are still continuing their R&D programmes on FCVs with 
on-board reforming (Darmon, Rollier et al. 2006). 
1.2.3 Development of the Market for Hydrogen Vehicles 
Although the cost of hydrogen is relatively high at present compared to conventional fuels, 
the cost of fuel makes up a small fraction of the total cost of a hydrogen vehicle, if 
calculated on an annual basis. One publication estimates the fuel cost to make up less than 
one tenth (about 8%) of the total costs of a FCV, stating that the cost of fuel will therefore 
not have a significant effect on FCV market penetration (Thomas, James et al. 2000). 
Therefore, even if the cost of hydrogen becomes similar to that of petrol and diesel 
vehicles, real market penetration will not occur unless the cost of the hydrogen vehicles 
(FCVs or ICEVs) comes down significantly. 
Once the price of the hydrogen vehicles becomes compatible with the price of petrol and 
diesel vehicles, the rate of penetration of these vehicles into the market will also depend on 
the availability of hydrogen fuel, i.e. the extent of development of the related infrastructure. 
Experts in the industry predict that significant market penetration of hydrogen FCVs will 
not occur till 2030 (Romm 2006). It is likely that at this stage there will already be some 
hydrogen infrastructure in place, as a result of pilot programmes such as the CUTE (Clean 
Urban Transport for Europe) project or possibly government-funded (or public-private 
partnerships) programmes for the conversion of municipal vehicles or public transport 
vehicles to hydrogen. In London, for example, the GLA (Greater London Authority) has 
planned to purchase 70 hydrogen vehicles for the city and have them in operation by 2010, 
following the successful trial of 3 hydrogen buses (started in 2004) (Tfl 2006). The 
programme includes the construction of a depot-based hydrogen refuelling station. 
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The rate of hydrogen infrastructure development is therefore paitly dependent on the rate of 
development of hydrogen vehicles, and partly dependent on public/private pilot 
programmes and other schemes for the introduction of these vehicles. The rate of 
development of hydrogen vehicles is also influenced by how fast the hydrogen 
infrastructure is developing. There is therefore a direct relationship between the number of 
hydrogen vehicles entering the market and the development of hydrogen infrastructure; this 
is shown in figure I.2a.Both these factors influence and aie influenced by other factors 
(also shown in figure 1.2a), but it is important to note that pilot programmes and 
government funding have a positive influence on the two factors. 
Figure 1.2a: Inter-dependence of Factors within the Market for Hydrogen Vehicles 
Programmes 
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*Industry here includes manufacturers of hydrogen infrastructure equipment and fuel suppliers. 
All arrows show direction of influence; double-lined arrows show direction of positive influence. 
Without the pilot programmes, which can be funded by industry as well as governinents, 
the development of both the hydrogen vehicles and the hydrogen infrastructure required to 
support them would only be driven by the lowering of the price of hydrogen vehicles and/or 
hydrogen infrastructure equipment as a result of RD&D by the companies that manufacture 
them. In addition if there is no government funding into any aspects of hydrogen for 
transport, negative signals would be sent to the companies involved which may then end or 
reduce their activities in this area. 
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Pilot programmes in hydrogen vehicles and infrastructure, in particular supported by public 
bodies (either local, national or international) are therefore likely to be crucial to the first 
stages of development of a hydrogen road transport system. Such programmes would be 
most useful if they were planned for the long term, and would result in a hydrogen 
infrastructure that could be sustained and could grow over time. This would mean that once 
hydrogen vehicles become price-competitive with petrol and diesel vehicles, there would 
already be an initial infrastructure in place that could support them. 
Importance of investigating niche markets 
It has been stated in other studies that to kick start the introduction of hydrogen as transport 
fuel, the best route would be to supply it to a number of niche markets at first ((Ogden 
1999),(Weinert 2005)). One such niche market is that of fleet vehicles and buses. It is no 
coincidence that so many pilot programmes for fuel cell vehicles and hydrogen refuelling 
stations have been specifically for buses: for example the Clean Urban Transport for 
Europe (CUTE) project, the Ecological City Transport System (ECTOS) programme in 
Iceland and the hydrogen fuel cell bus programme in Brazil which was launched in 
November 2006 (Crawley and Adamson 2006). One important feature of such a market is 
the predictable demand and route of the vehicles. This means that the supply can be 
matched more closely with demand and so the load factor can be kept relatively high, 
which will keep overall costs down (e.g. see chapter 7, section 7.3.2, where effect of load 
factor is shown). 
Such niche markets are also important in that they will allow for earlier introduction of 
hydrogen. The earlier hydrogen is introduced the sooner experience with using it can be 
accumulated. 
More experience with the construction and running of hydrogen refuelling stations also 
reduces anticipated risks with such a venture and companies would be more likely to invest 
in such a business. In addition, the public will become familiar with hydrogen vehicles and 
related infrastructure sooner, paving the way for the introduction of privately owned 
hydrogen cars. In short, niche markets are likely to help hydrogen get over its 'chicken and 
egg' problem. 
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As explained in section 1.1.1, this thesis was part of a bigger project at Imperial College, 
which like many other recent projects concerning hydrogen vehicles, focused on the 
introduction of hydrogen buses. Buses were chosen as the first vehicles to use hydrogen in 
the city of London for the same reasons as stated above. Most of the costs represented in 
this thesis are for given quantities or flow rates of hydrogen, but in some cases the numbers 
of vehicles supported are also given. Assumptions regarding fuel consumption of buses are 
based on those made for a different study carried out as part of the main overall project at 
Imperial College, Centre for Environmental Pohcy (CEP) (Contestabile 2003). 
1.2.4 National and International Hydrogen Programmes 
Research and demonstration programmes associated with hydrogen vehicles and refuelling 
infrastructure are in progress in a number of countries. In the past ten years there has been a 
notable increase in both the number of such programmes and the amount of money being 
allocated to them. The number of countries initiating hydrogen programmes is also on the 
increase. In 2001, when the work for this thesis was begun, only four countries had 
significant activities related to hydrogen in progress, namely the US, Japan, Germany and 
Iceland. Since then a number of countries have either initiated or stepped-up their 
hydrogen-related activities; these include the UK, Norway, Canada and the Netherlands, 
and more recently China, India, Brazil and Singapore. 
The most extensive national programmes going on at present are in Japan and the US. 
According to a Fuel Cell Today survey (Crawley 2006), 46% of hydrogen refuelling 
stations built between 1995 and 2006 were in the US, and this percentage is on the increase. 
This is partly due to the support of the president, George W. Bush, for R&D in both 
hydrogen and fuel cells. The funding allocated to this area is expected to increase by 55% 
from 2006, to reach $215nullion in 2007. Another advocate of hydrogen for road transport 
in the US is the current Governor of Cahfornia Arnold Schwarzenegger; he has the 
ambitious goal of estabhshing a network of 100 hydrogen refuelling stations in this state by 
2010^ 
Not surprisingly the US has the highest number of hydrogen and fuel cell initiatives and 
demonstration programmes currently in progress. These include the California Fuel Cell 
^ At the time of writing (October 2006) Governor Schwarzenegger had only received half the funding 
required by this project. 
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Partnership and the DoE Controlled Hydrogen Fleet and Infrastructure Demonstration and 
VaUdation Project. Together these two initiatives have put 263 hydrogen FCVs on the road 
to date, and provided the necessary infrastructure (Crawley 2006). 
Like the US, Japan has had a long-standing RD&D programme for hydrogen and fuel cells. 
Japanese initiatives have concerned the use of hydrogen and fuel cells for both power 
generation and the transport sector. The Japanese Hydrogen and Fuel Cell Demonstration 
Project constructed and studied 12 hydrogen refuelling stations between 2002 and 2005. 
As well as national initiatives there are a number of international hydrogen programmes 
currently in progress. For example a number of European countries are involved in on-
going EU hydrogen and fuel cell programmes, such as HYCHAIN and HyFLEET CUTE 
(www.global-hvdrogen-bus-platform.com. accessed 12/6/2006). The latter is an 
amalgamation of three previous EU hydrogen infrastructure and vehicle initiatives, CUTE 
(Clean Urban Transportation for Europe), ECTOS (Ecological City Transport System) and 
STEP (Sustainable Transport Energy for Perth). The HyFleet CUTE project will keep the 
hydrogen refuelhng stations already built (as part of the CUTE and ECTOS programmes) 
in operation in seven European cities, Perth and Beijing, as well as introduce further 
hydrogen buses to these cities. 
There are also several new hydrogen and fuel cell initiatives that are expected to add to the 
number of hydrogen refuelhng stations and hydrogen vehicles on the road worldwide. A 
number of these initiatives have long-term objectives of building hydrogen highways or 
'corridors' which connect vast areas or cities. For example, in British Colombia (Canada) 
the Hydrogen Highway partnership plans to construct and operate hydrogen refuelling 
stations connecting Whistler with Victoria, in time for the 2010 winter Olympics. The hope 
is that in the future this project might be connected to other networks under development 
such as the Hydrogen Highway initiative in California, the Toronto Hydrogen Village and 
the Vancouver Fuel Cell Vehicle project. 
Another similar hydrogen network initiative planned is HyNor, in Norway. The aim of 
HyNor is to build a hydrogen infrastructure along a 580 km road connecting Oslo to 
Stavangar. Like the British Colombia project this scheme consists of both public and 
private partners (Crawley 2006). 
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A recent survey by Fuel Cell Today shows that as a result of pilot programmes and 
initiatives, the number of hydrogen refuelling stations has increased from about 10 in 1998, 
to more than 140 in 2006 (Crawley 2006). More over, between 2001 and 2006 there has 
been an annual increase of between 20 to 30% in the number of hydrogen refuelling 
stations. This trend seems likely to continue till around 2011, judging by the planned 
initiatives mentioned earlier. What happens after that will depend partly on the success of 
these programmes, but also on the price of oil. The latter went through a considerable hike 
between 2003 and 2006, and is projected to be around $50/bbl or higher in the mid to long 
term by several well-known sources (Mitchell 2006). High oil prices will mean greater 
interest, and investment, in hydrogen infrastructure as well as in other alternative fuels. 
1.2.5 Prospects for the Future of Hydrogen Infrastructure Development 
Although a large number of well-known companies in the oil and vehicles industries are 
supporting hydrogen as the future transport fuel, and some are allocating resources towards 
its development, there are also some voices opposing the move towards a hydrogen 
economy. Most of these originate in the US and seem to be effectively disputing the current 
administrations spending strategy with regard to CO; reducing technologies. Some, for 
example, argue that a far more cost-efficient way of reducing CO] emissions would be to 
invest in efficiency improvements of current vehicle technologies and schemes that take old 
polluting vehicles off the road (Keith and Farrell 2003). 
Similar views have been aired in the UK. A study for the Department of Transport (Eyie, 
Fergusson et al. 2002) argues that using renewable sources of energy to replace electricity 
generation from coal-fired power stations would result in more CO2 emission reductions 
than using the renewable electricity to power hydrogen vehicles^. 
A number of these views are right in that there are many ways to reduce CO2 emissions, 
and some are less costly per tonne of CO2 removed than developing hydrogen vehicles and 
infrastructure- particularly in the short term. Decisions to support one scheme or 
technology as opposed to another (or one more than the other) must be made as there is 
always a finite amount of money to be distributed. These decisions have to be based on 
economic, environmental, and social criteria. In many instances they are also strongly 
^ Although a later report by E4tech, Element Energy and Eion Lees Energy pointed out that this would not be 
true in the long term ((E4tech 2004) 
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swayed by political issues. It is beyond the scope of this thesis to analyse these factors, but 
it is important to note that these matters will play a role in the future development of 
hydrogen vehicles and infrastructure. Government support for the development of a market 
for hydrogen vehicles in the initial stages is important. It is likely however, that the 
importance of government support will diminish over time. As discussed in section 1.2.4, to 
kick-start the market for hydrogen vehicles, national and international schemes and pilot 
projects are of vital importance. But already a trend is emerging with regard to such 
hydrogen infrastructure development projects. A definite move can be seen towards the 
increased involvement of private companies, including car manufacturers, fuel suppliers 
and related equipment manufacturers. It is therefore possible that by around 2015, the 
requirement for financial support from the government would become less important than 
poUcy measures and market incentives. This of course depends on how keen other players, 
particularly car manufacturers, remain regarding the development of hydrogen vehicles and 
infrastructure (Sperling and Ogden 2004). 
There are several new hydrogen infrastructure projects in the pipeline worldwide as 
discussed in section 1.2.4, which are set to increase the number of hydrogen refueUing 
stations. Hydrogen is thought likely to succeed where other alternative transport fuels and 
vehicles have failed for two main reasons, firstly it can be produced from a wide range of 
fuels, which keeps the interest of the large oil companies, and secondly hydrogen FCVs can 
offer the same, and possibly an improved performance compared to conventional ICEVs 
(Sperling and Ogden 2004). 
As well as the views of scientists, politicians and environmental groups, the views of the 
general public regarding hydrogen is also very important to its future, if not more so. There 
has been some concern that for many in the developed world, hydrogen gas might conjure 
up images of the hydrogen bomb or the Hindenburg air ship disaster. Research carried out 
at Imperial College (O'Garra, Pearson et al. 2007) regarding the acceptance of hydrogen 
vehicles and associated infrastructure found that although the public generally supported 
the large-scale introduction of hydrogen vehicles, there were some concerns about its 
storage at existing refuelling stations. The results showed that only 16% of the London 
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respondents in the survey undertaken^, supported the storage of hydrogen at existing 
refuelling stations- most of the rest said that they needed more information. Overall, the 
study found that a lack of knowledge about hydrogen was clearly evident. Consequently, 
increasing this knowledge in a positive manner could be an important influence on the 
future acceptabiUty of the technology. 
Despite hydrogen's rising popularity in recent years and the growing number of national 
and international pilot programmes, there are many obstacles in the path of a widespread 
hydrogen infrastructure for transport. One major obstacle is, as already mentioned, the 
current high cost of a hydrogen vehicle- a number of experts in the car industry believe that 
hydrogen vehicles will not become price competitive with conventional ICEVs till around 
2030 (Romm 2006), or as announced by GM's vice president in November 2006, till 
production reaches one miUion a year (one ninth of GM's total production)^. Till that date 
or level of production is reached, sustained support from governments and/or industry 
could be crucial to kick-start the development of a hydrogen infrastructure (section 1.2.3). 
Although this support cannot be guaranteed, there are many factors that are likely to act as 
drivers- one important factor is the possibihty of continuing high and possibly rising costs 
of oil and gas. 
1.3 Aims and Objectives 
As discussed in section 1.2.3 above, national and international programmes supporting 
relevant pilot projects could be critical in order to break the existing vicious circle of non-
development for hydrogen use in road transport. These programmes might need to continue 
up till the point where large enough numbers of hydrogen vehicles are on the road to make 
the cost of the delivered hydrogen competitive (or near competitive) with more 
conventional fuels. It is crucial therefore, that any funds provided by these programmes are 
used in the most cost-effective way. The work in this thesis aims to contribute knowledge 
towards this goal. 
^ The surveys into attitudes towards the large-scale introduction of hydrogen vehicles were carried out in a 
number of cities, while the survey regarding hydrogen storage at existing refuelling stations was only done in 
London. 




This thesis tries to answer the following two main questions: 
o What are the least-cost pathways for producing and delivering hydrogen for 
early transport appUcations in London? 
o What are the main factors which could affect their costs, 
At a moment in time? 
Over time? 
One early transport application in particular has been focused on in the scenario analyses: 
that of London buses. The models constructed for the analyses (and most of the analyses 
carried out) can be applied to other types of fleet vehicles in London. The choice of buses 
as the first application for hydrogen FCVs, was made because of the reasons highlighted in 
section 1.2.3. London was chosen as the location for the analysis because: 
o It is a large densely populated city suffering from pollution arising from road 
vehicles. 
o It has a large number of fleet vehicles and buses operating within it. 
o The cost of development of a hydrogen infrastructure within London has not 
been analysed in previous studies. 
o There is some political willingness to introduce hydrogen vehicles to the city as 
a measure to reduce pollution (GLA 2005). 
An additional reason why London was seen as a suitable location for this study was that at 
the time the project was started London had been chosen as one of the cities included in the 
EU CUTE project. To fuel the three hydrogen buses that were going to be introduced as 
part of this latter project, a hydrogen refuelling station would have to be built and used. 
This was seen as an opportunity to share information with the companies taking part in the 
CUTE project, and indeed a transfer of information did occur, particularly through John 
Roach of BOC, the company supervising the operation of the refuelling station for the three 
buses (many references have been made to this source of information in chapter 4). 
Essentially the main aim of this PhD is to derive and compare the costs of a number of 
hydrogen infrastructure solutions/pathways for a given set of criteria, including hydrogen 
demand, type and location of use of the fuel, and technology-specific factors, through the 
use of a specially designed model. 
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This model is designed to analyse financial criteria. Technical or location-specific data 
have been fed into it and have been based on information from industry as far as possible. 
The model is constructed to analyse the following: 
o the costs of the different hydrogen processes making up a hydrogen 
infrastructure (i.e. hydrogen production, storage, transportation, compression 
etc.), either individually, or collectively; 
o differences in costs of various technologies (for the same processes), or a 
combination of different technologies; 
o differences in costs of various hydrogen networks developed over time; 
o the effects of changes in a number of factors (e.g. equipment capital cost, load 
factor, fuel price, etc.) on the cost of the hydrogen delivered. 
In addition the model has been constructed in such a way that it can easily be applied to 
other cities/regions, and further technologies (for all the different processes) can be added 
on. Although the feature regarding other cities has not been used in this thesis, it may be 
used for future research. 
Before the model was constructed, a thorough review of the relevant literature available 
was undertaken. The main aim of this review was to gather data related to the costs of 
hydrogen infrastructure equipment, and methods of analysis, and to find any gaps in the 
analyses and findings. More detail on the objectives of the literature review are given in 
chapter 2, section 2.1. 
1.4 Methodology 
The construction of an Excel-based model was central to the analysis work carried out for 
this thesis. Before building the model, the objectives of the modeUing exercise were clearly 
defined (as stated in the previous section), and information and data were collected to help 
with both the construction of the model and the values of the inputs required. The sources 
of this information were the relevant literature, industry and other related projects going on 
in the same department at Imperial College ((Joffe, Hart et al. 2003), (Joffe 2003), 
(Contestabile 2003)). 
An Excel workbook was selected as the best tool for building this model, as it suited the 
task both in terms of the complexity of the model required, and the time available (see 
36 
chapter 3, section 3.5). The structure of the model and worksheets within it are described in 
detail in chapter 4, section 4.1. 
Two versions of the model have been constructed, one for an on-site type of refuelling 
station, where the production of hydrogen as well as the other processes (such as storage, 
compression and dispensing) take place at the same site, and one for off-site refuelling 
stations, where hydrogen production, and the associated processes are at a separate site to 
the refuelling station. In the case of the latter the hydrogen has to be transported (e.g. by 
pipeline) from the production site to the refuelling site. 
The models (both on-site and off-site) are used to compare the costs of a number of 
production-delivery pathways (these are described and analysed in chapter 7, sections 7.1 
and 7.2). A possible example of an on-site production-dehvery pathway is production of 
hydrogen by small-scale alkahne electrolysis at the refuelling station, followed by local 
compression and storage, and then dispensing as compressed hydrogen. An example of an 
off-site production-delivery pathway is production of hydrogen remotely by large-scale 
SMR, followed by remote liquefaction and transportation by a liquid hydrogen tanker to the 
refuelling site, where it is stored and dispensed as liquid hydrogen. 
The models are also used to find which processes (within the various production-delivery 
pathways) appear the least costly. In addition, an extensive analysis of the effects of each of 
the input parameters on the unit cost of hydrogen is carried out in the sensitivity analysis 
(chapter 9). 
There is another type of analysis in this thesis, which is referred to as 'time-related' 
analysis. The main aim of this latter analysis is to see whether the relative costs of the 
various least-cost pathways are likely to change over time, and if so to what extent. It was 
also possible to analyse the effects of certain key parameters on the unit cost of hydrogen 
over time. To carry out these analyses, both the on-site and off-site models had to be 
adjusted in order for the key parameters to change annually over the analysis period. These 
adjustments and related assumptions are described in detail in chapter 5. 
Two elements of key importance to the methodology are the various assumptions made 
regarding input parameters, and the technologies chosen to be included in the modelling 
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analysis. The parameters fell into three main categories, financial, technical and logistic; 
both the range of values for these and the baseline values are given in tables IV.a to IV.k in 
appendix 4(b). Reasons behind making these key assumptions are given in chapter 3, 
section 3.6, and chapter 4, section 4.2. 
The technologies included in the cost analyses in this thesis were chosen based on one main 
criteria: current availability on the market. This and other related issues are discussed in 
chapter 3, section 3.3. 
1.5 Structure of Thesis 
The thesis is divided into four main parts: 
Part I: Introduction and background to the related issues, aims and objectives of 
research, thesis structure and literature review. 
Part II: Methodology: construction and structure of the models built for the 
analyses, calculations, assumptions regarding the inputs into the model, and 
description of the various versions of the model (e.g. static and time-related). 
Part III: Scope of the models constructed in terms of analyses, analyses carried out 
using the different versions of the model, discussions of the analysis results, 
and sensitivity analysis. 
Part IV: Conclusions drawn from the analyses described in part III, and areas where 
further research is required. 
The chapters within the four main sections are described below. 
Part I: Introduction, Background and Literature Review 
Chapter 1: Introduction and Background 
This chapter gives a brief overview of the research carried out, including the problem 
statement. It then highlights the reasons for the need for alternative fuels for road 
transportation and gives a description of the potential benefits of the use of hydrogen. 
Hydrogen vehicles are briefly compared to other alternative road vehicles. Examples of 
programmes involving research, development, and planning towards a hydrogen 
infrastructure are then given. Barriers to the development of a hydrogen infrastructure, in 
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particular financial ones are discussed. Other areas covered in this chapter include aims and 
objectives of the study, its scope and hmitations, originality of research and the thesis 
structure. 
Chapter 2: Literature Review 
This chapter is in two main parts; the first is about the critical hterature review carried out 
at the beginning of the research for this thesis, and the second is about the review of the 
literature found in the course of the research. The critical literature review analyses and 
compares the methods and cost assessments of 25 key reports. The second review is that of 
11 additional key reports, found in the course of the research (section 2.6). The 
conclusions and findings of the reports covered are Usted and compared. The 
methodologies, assumptions and insights taken from the publications analysed and used in 
this thesis are acknowledged throughout. 
Part II: Methodology and Model Construction 
Chapter 3: Financial Modelling Overview 
This chapter sets out the objectives of the modelling exercise, and describes the scope and 
limitations of the models constructed. The various tasks undertaken as part of the research 
work are described and so are the hydrogen infrastructure technologies modelled. Tools 
used for modeUing, the inputs and outputs of the model and the sources of information used 
(for the input parameters) are also described. Overviews of the methodology and 
assumptions behind key calculations within the models are also given and their use is 
justified as far as possible. Potential sources of uncertainty in the modelling are described 
and a brief outline of the treatment of uncertainty is given. 
Chapter 4: Construction of the Static Models 
This chapter gives a detailed description of how the models, used for the static analyses, 
were constructed. First a description of the structure of both the on-site and off-site models 
is given, then the way the models were built to calculate the unit costs of each process 
making up a hydrogen infrastructure is described (all processes from hydrogen production 
through to hydrogen dispensing are included). In each case every calculation and 
assumption used is noted. Reasons behind the assumptions made are given as far as 
possible. 
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Chapter 5: Adding the Time Element to the Models 
This chapter firstly identifies the key parameters that are assumed to change significantly 
over time, e.g. energy prices, capital costs and demand for hydrogen. It then describes how 
the static models were modified in order to enable them to calculate unit costs of hydrogen 
over time (for different production-delivery pathways). The time period for which unit 
costs were derived is specified and descriptions of the various scenarios for which costs 
were calculated are given. These scenarios are based on high and low expectations 
regarding changes in the key parameters over time. The estimated high and low values for 
these key parameters are shown and their derivation is explained. 
Part III: Running the Models and Analysis of Results 
Chapter 6: Introduction to Analyses Using Models 
This chapter gives an overview of all the analyses carried out using the models in this 
study. The logic and reasoning behind the types of analysis undertaken, in order to find 
answers to the research questions, is given. In order to find an 'optimal' structure for the 
models, with regard to size and pressure of storage, and pipeline structure analysis, some 
preliminary analysis was required this latter analysis and its results are described in this 
chapter. 
Chapter 7: Cost Analyses Using Static Models 
This chapter analyses and compares the unit costs of hydrogen for a number of production-
delivery pathways. The aim of the analysis is to compare the different pathways and find 
what the least cost ones are under different conditions and scenarios. Factors and/or 
processes which make one pathway more costly than another are discussed. Analysis 
includes comparison of pathways with on-site and off-site production of hydrogen as well 
as variations in bus depot conversions to hydrogen use. 
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Chapter 8: Cost of Development of a Hydrogen Infrastructure in London Over Time: 
Scenario Analyses 
This chapter describes and discusses the time-related scenario analyses. The costs of the 
various production-delivery pathways as they change over time are compared. The 
scenarios look at the effects of different rates of growth in hydrogen demand, high and low 
rises in energy prices and different rates of technology development. The effects of changes 
in certain key baseline assumptions are also analysed. 
Chapter 9: Sensitivity Analysis 
This chapter describes the method used to assess the sensitivity of the model output to a 
number of input parameters. The extent to which the unit cost of hydrogen changes with 
changes in each input parameter is shown for several production-delivery pathways. The 
uncertainties in the outputs from the models are also estimated (based on the range of 
values for each input parameter) for a number of different pathways. The cumulative 
uncertainties are displayed as error bars for some of the analysis results in chapter 7. In 
addition the implications of these uncertainties for the other analysis results in chapters 7 
and 8 are discussed. 
Part IV: Conclusions 
Chapter 10: Conclusions 
This chapter looks at the results of the analyses as discussed in chapters 7, 8 and 9, in the 
framework of the research aims and objectives (set out in chapter 1). The main conclusions 
reached and their robustness are discussed in the light of the sensitivity analysis and other 
influencing factors. These conclusions are compared to those reached by the key reports 
analysed in the literature review. Areas where further research is required are highlighted. 
1.6 Contribution to Knowledge 
Although the analysis of the costs of hydrogen infrastructure is not especially novel, there 
are many aspects of this project that have either rarely been explored or are completely new 
to this field. First the literature review is unusual because of its highly structured approach. 
Not only does it analyse the findings of a number of reports on the costs of hydrogen 
infrastructure, but it 'judges' each report against a set of carefully selected criteria. 
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The literature review is also unique in that it includes a thorough comparison of both the 
costs of hydrogen infrastructure and the unit costs of hydrogen. The costs of hydrogen 
infrastructure are very much dependant on the assumptions made, particularly those related 
to the location and the demand, such as size and number of the refuelling stations, load 
factor and discount rate. Therefore, in order to try and make the comparison of the costs 
(from the different publications) as meaningful as possible, unit costs of hydrogen have 
been 'standardised' or 'normalised' - this means that the same discount rate and load factor 
have been used for all costs compared (see appendix 1(a)). 
The analyses made in this thesis focus on the initial stages of developing a hydrogen 
infrastructure in a large city. While some research has been carried out in this area by other 
studies, here the analysis looks at different network structures using the conversion of bus 
depots as a case study. The effects of different conversion strategies on the cost of 
hydrogen are also analysed. 
In the initial stages of hydrogen infrastructure development, choices not only have to be 
made regarding the technologies for the various processes involved, but also about the 
structure of the refuelling network. For example how will the cost of hydrogen be affected 
if the refuelling stations are reduced in size but increased in numbers- how will this affect 
the costs of hydrogen production and transportation, in particular? These are areas that have 
rarely been explored (and some related issues still remain unexplored and have to be further 
investigated (see chapter 10, section 10.6)). 
Another unique feature of this study is the fact that it uses London as the location for the 
analysis. Reasons for choosing London have already been highlighted in section 1.3. A 
number of other reports have chosen large cities for the analysis of hydrogen infrastructure 
costs, but certain factors and their combination are specific to London: these include the 
cost of land, and the cost of pipeline installation. 
The design of the model has also allowed for a thorough sensitivity analysis, which 
examines the effects of changes in almost all the input parameters on the output of the 
model. The sensitivity analysis has been extended to estimate the uncertainties in the unit 
costs of hydrogen derived for the different production-delivery pathways. As a result any 
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conclusions reached regarding least-cost pathways have been qualified with reference to 
important assumptions regarding specific parameters. 
1.6.1 Addressing Gaps in Knowledge 
Through reviewing the relevant literature available at the start of this study, it was found 
that a number of areas/issues needed further research and analysis. These included: 
1) costs of hydrogen infrastructure in the UK and other European countries 
(although such studies could exist in a language other than English) 
2) how costs of various hydrogen infrastructure equipment have changed over time 
3) costs related to the construction of the hydrogen infrastructure, such as 
engineering and design, planning, installation, commissioning and contingency 
costs. 
4) analysis of oxygen as a useful by-product of hydrogen production from 
electrolysis, and possible markets for it, and similarly the analysis of steam as a 
by-product from SMR. 
Some of these areas have been investigated in this thesis, as well as a number of other 
studies pubHshed during the period this project was in progress. The costs of hydrogen 
infrastructure in European countries have been explored by a number of studies published 
after 2001 (e.g. (Stromberger 2003) and (E4tech 2005)), which includes this study. Costs 
related to the construction of the hydrogen infrastructure, such as engineering, design and 
installation and contingency costs were almost non existent in the reports analysed at the 
start of this project, but conversely, almost all the reports found and analysed during the 
course of the research included such costs (see chapter 2, section 2.6.2). This thesis has also 
taken account of the latter type of costs. 
There has been almost no analysis of how the cost of hydrogen infrastructure equipment 
has changed over time, mainly because most of this infrastructure has either been used for 
other applications, or has only recently entered the market. Some studies have analysed and 
estimated the possible effects of technology development and increases in production 
volumes on the cost of certain hydrogen infrastructure equipment (eg. (Thomas, James et 
al. 1997) and (Myers, Ariff et al. 2002)). This thesis is different in that it estimates the 
future costs of the equipment by analyzing what has happened to the costs and the markets 
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so far, as well as what is possible as a result of technology development and increase in 
production volumes. These estimations are made as part of the time-related analyses 
described in chapter 5. 
There are other aspects to the time-related analysis carried out in this thesis which are 
novel. In particular, the effects of a number of key parameters (on the unit cost of 
hydrogen) that are likely to change over time are simultaneously analysed. A number of 
future scenarios have been constructed, and the effects of these changes are observed on a 
number of production-delivery pathways in order to see how their relative costs will be 
affected over time. 
This study has only been able to address some of the unexplored issues. There are a number 
of areas which still need to be investigated. For example the costs of other hydrogen 
infrastructure technologies such as hydrogen production from municipal soUd waste, or the 
analyses of infrastructural network scenarios other than those covered in this thesis. These 
unexplored areas are discussed in chapter 10, section 10.7. 
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Chapter 2: Review of Literature on Hydrogen Infrastructure Costs 
2.1 Introduction: Objectives and Scope 
Research and development into hydrogen and its related technologies for transport has been 
pursued worldwide since the mid 1980s, and so has generated a large amount of related 
literature. However, publications focusing on quantitative analysis of the costs of hydrogen 
infrastructure for transport are relatively limited, and are mostly generated by a small 
number of organisations and institutions. Furthermore, there are almost no critical reviews 
of publications on hydrogen infrastructure costs (it must be noted that, as mentioned before, 
only publications in English have been reviewed). 
In this chapter a number of publications on hydrogen infrastructure costs are examined 
critically, with the following objectives: 
o to assess what these 'reports'^ have analysed and where the gaps lie 
o to see what trends exist in hydrogen infrastructure costs and the factors that 
affect them 
o to compare the methods of analysis used by the reports and to identify apparent 
strengths and weaknesses in methodologies used 
o to compare the results and conclusions of the reports and identify any areas of 
agreement and disagreement 
o to identify the most 'useful' reports, out of the ones reviewed, having judged 
them against a set of criteria 
For the cost analyses the documents have been divided into key and non-key reports. Key 
reports are defined as those that contain original cost data, i.e. cost information obtained 
directly from the equipment manufacturer/supplier, or derived originally in the report. Non-
key reports are those whose entire cost data are taken from other literature. A working 
hypothesis, subject to revision, was that reports that used data straight from the 
manufacturers might be more accurate, as the information would be more up-to-date. It is 
also possible that publications which have taken cost data from another report have miss-
interpreted the data or used it out of context- this could be another source of inaccuracy. 
® Reports here means all types of publications, including reports, journal articles, books etc. 
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Publications on the costs of hydrogen infrastructure were found to contain one or more of 
the following types of analyses: 
1) analysis of generic costs: hydrogen production equipment, hydrogen storage 
equipment, transportation equipment etc., 
2) analysis and comparison of different hydrogen supply scenarios/pathways and 
their costs in a particular location, 
3) analysis and comparison of hydrogen with other types of transport fuels (e.g. 
methanol and gasoline) and their costs. 
Publications which included the first type of analysis usually contained original costs 
(obtained from manufacturers) and derivations, while those that focused on the latter two 
types of analysis quoted and used costs from other reports. Therefore a large number of the 
key reports chosen for more detailed analysis (in section 2.4 and appendix 1(a)) are those 
that fall within the first category. Only those key reports which represent costs in a form 
that can be usefully compared to costs in other reports have been included in the 
quantitative analysis in section 2.4. 
The comparisons made between the reports are both qualitative and quantitative. The 
quantitative comparisons are made between some or all of the key reports, while the 
qualitative analysis includes all the reports covered. Qualitative analysis in this review is 
essentially the comparison of conclusions (section 2.7.2), as well as some aspects of the 
methodologies used (section 2.3). 
The critical review described in this chapter (in sections 2.2 to 2.5), and appendix 1(a), was 
the first task carried out as part of this project. However, in the course of the tasks that 
followed (described in chapter 3, section 3.2) further pubUcations were discovered, a 
number of which concerned the costs of hydrogen infrastructure. Some of these have been 
used as sources of data in the modelling analysis, as described in chapter 4. These reports 
are described and compared to similar ones covered in the critical review in section 2.6, and 
are referred to as 'additional key reports'. 
Table 2.1a shows the important features of each report analysed - in terms of the costs 
covered by them. This table also shows how many reports have been reviewed and what 
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process categories and technologies they cover. It can be seen that only two of the reports 
reviewed contain exclusively original data (from manufacturers); most contain a mixture of 
original and secondary data. Moreover, some of the cost information in the reports is dated, 
even as far back as 1977. 
The main limit in terms of the scope of this review is the number of publications considered 
(a total of 36, 25 of which are included in the critical review, in sections 2.2 to 2.5 and the 
other 11 in section 2.6). Only a subset of the available reports was selected for inclusion in 
the review. Effort was made to choose reports that varied in terms of analysis, approach, 
and technologies and processes covered. 
The additional key reports are described in table 2.6a (section 2.6.1) which is very similar 
to table 2.1a below. As well as being analysed in section 2.6, the conclusions from the 
additional key reports are discussed in section 2.7, as for all other reports covered in this 
chapter. 
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Table 2.1a: Main Features of Key Renort 
Report 
Hi Production costs Transport costs 
Type of 














(Amos 1998) 0 , S X X X X X X 1986-1997 
(Berry 1996) 0, s X X X X X a X a X 1994-1995 
(Berry, Pasternak et al. 
1996) 0, s X X X X a a a X 1994-1995 
(Casten and Teagan 2000) 0, s a a a a X 2000* 
(Chen 1995) 0, s X 1987-1994 
(Cuoco, Sgalambro et al. 
1995) s X X X X X 1981-1986 
(Button, Bleijis et al. 2000) 0, s X X 1996-1997 
(Hart, Bauen et al. 2000) s a a a a a X 1997-1998 
(Hormandinger and Lucas 
1996) s X X X 1993 
(Larson and Katofsky 
1992) 0, s X 1988-1992 
( A D L 2 0 0 2 ) 0, s X X X X X X X X X X 2002* 
(Mann, Spath et al. 1998) 0, s X X X X X 1988-1998 
(Moore and Raman 1998) 0** X X X X X X X X X 1996 
(Ogden and Will iams 
1989) 0, s X X X X 1978-1987 
(Ogden 1999) s X X X X X X X X X X 1993-1997 
(Ogden, Kreutz et al. 1996) O, s X X X X X X 1992-1996 
(Ogden 1997) o, s X X 1979-1988 
(Ogden, Dennis et al. 1995) 0 X X X X X X X X 1993-1994 
(Schoenung 2001) 0, s X X X X X X X X X X 1995-2001 
(Thomas and Kuhn 1995) 0, s X X X X 1977- 1994 
(Thomas. James et al. 
1997) 0 X X X X X X X X X 1995-1996 
(Thomas, James et al. 
2000) s X X X X X X 1997-1998 
(Thomas, James et al. 
1998) M a r k e t . . . . 0, s a a a a a X 
1997 
(Thomas, Kuhn et al. 1998) s X X X X X 1997 
(Thomas. James et al. 
1998) Integrated . . . 0, s X X X 1995-97 
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Notes for table 2.1a: o denotes reports containing original cost data, and s denotes those containing secondary data. 
a denotes costs shown in an accumulative way, i.e. not separately shown for the particular process. 
R.E. stands for hydrogen from renewable energy sources, such as wind, photovoltaic, biomass and MSW. 
* In these cases the year the report was published is given, as the year of costs was not made clear. 
** These costs, although original, were the same as those in another report (Thomas, James et al. 1997). 
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2.2 Methodology of the Critical Review 
The critical review was divided into five tasks: 
1) Finding the relevant reports 
2) Making succinct summaries of each report 
3) Analysing and comparing methodologies 
4) Comparing cost data in key reports 
5) Judging the quahty of reports 
The third and fourth tasks are the most crucial, as they categorise the principal elements 
that the majority of the reports have in common and make comparisons between them. The 
final task completes the critical analysis by evaluating each report against a set of chosen 
criteria. These criteria were chosen based on their potential for indicating which could be 
the most 'useful' reports, i.e. which reports answered the research questions in this thesis 
most accurately. 
For the first task, in order to find the relevant reports both internet and library searches 
were carried out. A large number of the reports were found to be from a small number of 
institutions (e. g. National Renewable Energy Laboratory, Lawrence Livermore National 
Laboratory, United States DOE, and Directed Technologies Inc.), so the websites related to 
these proved useful. Several universities where the researchers were based were also 
contacted (via the internet). In some cases, the same study would be found in a number of 
different pubUcations (e.g. journal article, report or conference proceedings). In such cases, 
the first version would be analysed and later versions ignored, unless the costs included in 
them had been revised or analysed in a different way. 
The second task involved making detailed summaries of the reports analysed (which have 
not been reproduced in this thesis). These were all structured in the same way for ease of 
reference. They were used for the analysis work carried out for the other parts of this 
review (tasks 3 to 5), and were written with the latter in mind. 
The analysis and comparison between report methodologies, i.e. the third task, is described 
in section 2.3. This tasks involved examining the methodologies and reasoning behind: 
choosing technologies and timescales for analysis 
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deriving delivered hydrogen costs or constituent costs 
making assumptions about criteria other than equipment costs 
Throughout section 2.3 it is also indicated which methods used are the most common 
amongst the reports analysed, and which ones are exceptional. The superiority or inferiority 
of methods, and assumptions made, are also pointed out as far as possible. 
Task four consisted of the comparison of the cost data related to hydrogen infrastructure 
within all the reports. In this cost comparison only key reports have been considered. While 
section 2.4 gives a summary of the comparisons made and the results, appendix 1(a) 
describes them in more detail. As shown in appendix 1(a), relevant cost data have been 
extracted from each of the key reports and Usted in tables (tables I.a to I.x). For each 
category, main trends in the data and the similarities and differences between the reports 
with respect to the costs and assumptions are highlighted. In each case the author has 
endeavoured to compare like with hke (see section 2.4). 
Task four also consisted of vahdating the cost data obtained by contacting the industry 
sources for the latter (see section 2.4.2). In addition all the conclusions reached by the 
different reports (regarding hydrogen infrastructure costs) were compared in order to show 
to what extent the reports agreed or disagreed, and to give reasons for disagreements, where 
possible. This comparison is described in section 2.7. 
The fifth and final task of the critical review was to judge the 'usefulness' of the reports. To 
be 'useful' a report must answer the research questions, and do so accurately and rehably. 
Following from the overall research questions for this thesis (see chapter 1, section 1.3) the 
most important questions, while searching literature were; what are the costs of hydrogen 
infrastructure, both constituent costs and overall costs? And which reports give the most 
transparent and accurate answers - and on which aspects of the costs? 
A method was therefore devised by which the reports could be compared, both for their 
coverage of data and forjudging accuracy and rehability. This method and the results of the 
comparison is described in section 2.5. In the latter section, drawing on the analyses in 
sections 2.3 and 2.4, reports are examined against a set of criteria, and those that emerge as 
the most useful and reliable in addressing the key research questions are listed (in table 
2.5a). 
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2.3 Analysis of Report Methodologies 
The reports analysed here have performed different tasks, depending on their research aims 
and scope. The main tasks relevant to the analysis and derivation of costs of hydrogen 
infrastructure are: 
1) choosing technologies and timescales for analysis 
2) deriving dehvered hydrogen costs or constituent costs 
capital cost component 
running cost component 
calculations and models used 
3) making assumptions about criteria other than equipment costs 
This section discusses the different approaches/methodologies used in performing these 
tasks. Wherever possible, it is pointed out which methods are used most commonly in the 
reports examined. 
2.3.1 Technologies and Timescales Chosen for Analysis 
Most of the reports have considered technologies that were already commercially viable, or 
very close to commercialisation, for time periods of up to 2020. A few reports have 
considered costs of more advanced equipment, which, at the time of writing were in the 
developmental phase, such as small scale steam methane reformers made specially for use 
with fuel cells (Ogden, Kreutz et al. 1996). 
Several reports examine the development of equipment costs over time, but these mostly 
concern equipment in the early commercialisation stage, where there is much potential for 
lowering costs with increasing production volumes (Ogden, Dennis et al. 1995). 
Overall there is much agreement in terms of what technologies in the different categories 
(i.e. hydrogen production, storage, compression, transport, etc.) have been chosen for cost 
analysis. Similarly most of the cost analyses have been performed for the short to medium 
terms, and rarely go beyond 2010. 
In addition reports analysing the development of hydrogen infrastructure mostly consider 
the near future, and so most of the cost analysis is for facilities producing relatively small 
amounts of hydrogen, usually ranging between 0.01 and 6 t/d. These fall in the on-site 
52 
hydrogen production category (which means hydrogen is produced at the point of use). 
Some reports also look at larger hydrogen production plants, from which hydrogen is 
transported to several other locations for use. The size range chosen for these is around 25 
to 300 t/d. 
2.3.2 Deriving Delivered Hydrogen Costs/ other Costs 
The delivered hydrogen cost is the cost of hydrogen at the point of use (in vehicles), at 
refuelling stations. It is essentially made up of components of capital costs and running 
costs. Here the variation in the factors that have been taken into consideration when 
deriving the delivered hydrogen cost, and the method of calculation of these costs are 
discussed. 
The capital cost component is derived from the total capital costs of the various pieces of 
equipment, the discount rate, and the lifetime of the equipment, and is usually presented as 
the annual capital recovery (in $/year). This is then divided by the annual hydrogen 
production (in GJ/year or kg/year) to give a value in either $/GJ or $/kg of hydrogen. 
Annual capital recovery is calculated by multiplying the total capital costs by the capital 
recovery factor, usually given as a percentage. In most cases the capital recovery factor 
(CRF) is derived using the following relationship: 
CRJp — [(1+ / ) " - ! ] 
Where I is the interest rate, and n is the lifetime of the equipment in years. 
Some reports, which are more commercially oriented, take inflation and taxes into 
consideration, and use the following equation: 
CRF= 
l - ( l + rf)-" 
d = r + i + (i*r) 
Where r is the after-tax real rate of return on investment and i is the general inflation rate. 
The components of the total capital cost depend on the hydrogen infrastructure pathway 
considered, e.g. for an on-site electrolyser system, this would be the electrolyser. 
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compressors, compressed hydrogen storage tanks and dispensers. On the whole, the reports 
analysed are very similar in terms of capital cost component considerations. The discount 
rates and other economic factors considered do vary from report to report but not 
significantly. It is the actual capital cost of a piece of equipment that can sometimes cause 
big differences in the annual capital recovery from one report to another - this cost can even 
vary for the same technology of the same size, if from a different supplier (see section 2.4). 
The load or capacity factor of the hydrogen production plant is another factor that plays an 
important role in the capital cost component of delivered hydrogen cost. The values for 
load factor, which reflect the extent of usage of plant, range between 65% to 90% in the 
reports reviewed (but were mostly between 65% to 70%). This difference affects the 
delivered hydrogen cost significantly. In most reports the reasoning behind the choice of 
load factor is not clear, although some reports mention industry experience as the basis for 
it. 
The running costs considered in most of the reports consist of energy costs (NG, electricity, 
petrol and diesel), O&M costs, labour, and transportation costs. A small number of reports 
also include profit margin, taxes and insurance (usually as a percentage of capital costs), as 
well as site preparation. Including the latter four factors does not necessarily add to the 
accuracy of the cost analysis, as it depends on its purpose (e.g. is the analysis for 
commercial investment purposes or simply for assessing the costs of the infrastructure 
development, say for planning purposes?). 
In some cases running costs are given in aggregate form (e.g. O&M and labour costs are 
given as one value) and in others separately. The disaggregated form is most helpful, as 
where the main energy usage and costs occur can be decomposed and analysed. 
Almost all running costs, by nature, are region-specific. Particularly energy and labour vary 
significantly from country to country. They also depend on assumptions made, and 
scenarios considered, e.g. whether off-peak or on-peak electricity is used. As with the 
capital cost component, all running costs are expressed in $/kg or $/GJ. In some reports 
they are given as annual percentages of total capital cost. 
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2.3.3 Calculations Used for Deriving Costs 
The methods of calculating various costs are highlighted in this section. It is very rare to 
find two different methods of calculation for the same type of cost, but where this has 
occurred the methods are compared and any advantages that one may have over the other 
are stated as far as possible. 
Capital Costs of Equipment 
Capital costs of equipment quoted in the reports have been either obtained from 
manufacturers or from other publications, and normally apply to a particular size/capacity 
of plant or equipment. Sometimes formulae have been derived relating the capital cost of 
the equipment to its size. In most cases the capital cost of the equipment are related to the 
capacity in an equation such as the one shown below: 
C - $0.88 X 10^' X (plant capacity in million scf/day)"'^ 
The above equation is from a report by Ogden and co-authors (Ogden, Kreutz et al. 1996); 
it relates the capital cost of a steam methane reformer to plant capacity (given in scf/day of 
hydrogen produced). C is the capital cost of a steam methane reformer in the size range of 
0.1 to 2 million scf/day. A similar equation (with a halved value of the constant) is given 
for the cost of a steam methane reformer, if production volume is increased to several 
hundred: 
C = $0.44 X 10^' X (plant capacity in million scf/day F '^ 
This report also gives similar equations for the gas cleaning equipment (pressure swing 
adsorption), and the hydrogen compressor. 
Another report by Chen (Chen 1995), which analyses the costs of hydrogen production 
from MSW, also uses a similar type of equation for the capital costs of some of the gasifiers 
examined. In this case the scaling factor is also 0.7, but instead of plant capacity in terms of 
scf/day of hydrogen production, the feedstock capacity is used. 
For modular types of equipment such as the Thermoselect gasifier for MSW, simple linear 
scaling can be used for the different capacities (Chen 1995). 
Some reports have also estimated the capital costs of equipment for high volume 
manufacture. One report has undertaken this analysis for both SMR plants and electrolyser 
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units (Thomas, James et al. 1997), using progress ratios (see chapter 5, section 5.2.1). In the 
latter report the progress ratio is related to the production volume as in the following 
equation: 
(1- (progress ratio)) x 100 - percentage by which capital cost of equipment falls as its 
annual production volume doubles 
Delivered Hydrogen Costs 
In most reports, the delivered hydrogen cost is calculated simply by adding the capital 
recovery component (or annualised capital cost) to the running cost components (usually in 
$/year). Therefore the following type of equation is used ((Thomas and Kuhn 1995): 
E = (CRF + o + i + tp) X C + Ce 
Where: 
E is the total annual expenses, 
CRF is the capital recovery factor, 
0 is the O&M cost as a % of total capital cost, 
1 is the annual insurance cost as a % of total capital cost, 
tp is the annual property taxes as a % of capital costs, 
C is the total capital cost, 
and Ce is the energy costs (in this case electricity for running the electrolyser and 
compressor). 
E divided by the annual hydrogen production gives the delivered hydrogen cost in $/kg or 
$/GJ of hydrogen. 
The above equation is typical of those used for the derivation of hydrogen costs, except that 
most other reports do not include insurance and property taxes. Some also give separate 
values for O&M and labour costs. 
Hormandinger and Lucas (Hormandinger and Lucas 1996) devised an alternative 
model/equation for calculating unit hydrogen production cost, that takes the variability of 
more factors into consideration: 
= a g ' ' / 
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Here CH is the cost of hydrogen (in $/Nm^), Q is the quantity of hydrogen produced, and P 
is the price of the feedstock. The constants a, b and c are different for different types of fuel 
used as feedstock (natural gas or methanol). In this type of formula it is difficult to separate 
the various components that make up the unit cost of hydrogen production, i.e. the capital 
cost and running costs. 
Hydrogen Transportation Costs 
A few formulae have also been given/derived in some reports for the cost of hydrogen 
transportation via pipeline. This cost is related to several factors, such as flow rate of gas 
(through the pipeline), length and width of pipeline, and installation costs. Some of these 
factors are also inter-related, or related to other factors, making the formula rather 
complicated. For instance the flow rate varies with the length and the inlet and outlet 
pressures, as well as the width of the pipeline. 
The following equation for the flow rate of gas in a pipeline, is given in one of the studies 
analysed ((Ogden, Dennis et al. 1995), originally from (Christodoulou 1984)); 
,0 .5 
Q = ;r Tb 
0.5 
R 
X X X 
8 Pb l / J 
Q is the flow rate, Tb and Pb are the reference pressure and temperature,/is the friction 
factor, Wa is the molecular weight of air, G is the gas specific gravity (in this case that of 
hydrogen), Tis the gas temperature, L is the length of the pipehne, Z is the compressibihty 
of the gas, PI and P2 are the inlet and outlet pressures respectively, D is the diameter of the 
pipeline, and R is the universal gas constant. This is simplified to the following equation 
(by making several calculations and assumptions) for a pipehne with a diameter of 3"; 
- ] X ( ( f l / Pbf - {P2 / Pbf f g0.9i9i = 29.40% 
The installed cost of pipehne per unit of hydrogen delivered (in $/GJ) is then calculated by 
dividing the annual capital recovery by the flow rate (Q), and also adding on the O&M 
costs. 
Slightly different versions of the above equations for flow rate, are used in another Ogden 
report (Ogden 1997). The different versions arise through varying assumptions about 
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friction factors which depend on the diameter of the pipehne, its smoothness and the type of 
flow (turbulent, partially turbulent etc.). 
Another report (Amos 1998) uses different equations for pipeline costs, based on the energy 
required to 'push' the hydrogen down the pipeline. (The source given for the equations is 
Christie J. Geankoplis - but further details proved unobtainable). However, graphical 
representations of how the cost of hydrogen transportation via pipeline varies with flow rate 
and distance are similar to those in Ogden (1995), suggesting that the equations used by 
these different reports are hkely to be similar. 
A series of simple equations have also been used for the derivation of hydrogen 
transportation by road, as well as hydrogen storage in the Amos report. For example for 
compressed hydrogen transportation by tube trailer the following formula has been used to 
calculate the number of trucks required: 
No. of trucks = ceiling [(trips per year x (trip time + load time))/(truck avail, x op. days per 
year)] 
2.3.4 Assumed Values for Factors other than Equipment Costs 
Apart from capital costs of equipment, the calculation of unit hydrogen costs require values 
for a number of parameters: financial factors (discount rate, rate of inflation, profit margin 
and tax rates), energy-related factors (energy prices, energy use, and heat value of 
hydrogen) as well as others, such as cost of labour, land related costs and load factor. 
Some of the criteria mentioned above are location specific, i.e. their value depends on local 
or national circumstances. These include rate of inflation, tax rates, energy prices, cost of 
labour and land related costs. The values assumed for these are usually those appropriate to 
the particular region being considered. Studies which are not about a specific area, usually 
assume average values for the country in which the report is written. Several reports use a 
range of values for these criteria to analyse their effect on the delivered hydrogen cost- this 
is particularly common with energy prices. Thus, for example, in many reports that analyse 
the cost of hydrogen production from electrolysis, costs are derived using both off-peak and 
on-peak electricity prices. 
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The values for most of the other criteria are based on assumptions derived from experience 
or practice in the energy supply industry. These criteria include load factor, discount rate, 
and profit margin. Discount rate and profit margin (usually given as a percentage of capital, 
or total costs) are based on a combination of industry experience and local norms, for 
example for a large SMR plant in the UK, the discount rate used would be similar to those 
used for other industrial plants in the UK. 
The heating value of hydrogen used for the calculations also varies from one set of data to 
another. Either lower heating value (LHV) (0.120 GJ/kg) or higher heating value (HHV) 
(0.142 GJ/kg) has been used. The choice of heating value depends on whether the water 
formed in the hydrogen production process is in the form of a liquid or vapour"^. The 
heating value, which is the amount of energy per unit mass of hydrogen, is used to convert 
kilograms of hydrogen into gigajoules (GJ) of hydrogen, or vice versa. It is important that 
wherever costs are given in $/GJ it is stated whether the LHV or HHV of hydrogen has 
been or should be used to convert to $/kg of hydrogen. 
hi some reports reviewed costs were given in $/GJ but the heating value used was not 
specified^ \ In this critical review, the actual use of LHV or HHV by a report is not used as 
a judgement criterion as there is no right or wrong value. What matters here is whether the 
assumptions made are clearly stated as well as the reasons for them. 
2.4 Comparison of Cost Data in Key Reports 
As noted in the introduction to this chapter, a key report is defined as one that contains 
quantitative data on the costs of hydrogen infrastructure that have been obtained directly 
from the companies that supply the equipment. Key reports can also be those that include 
originally derived values for the cost of delivered hydrogen, or estimated hydrogen 
production costs for various scenarios and assumptions (key reports have an 'o' in the 
second column of table 2.1a). 
Reference: www.ecn.nl/phvllis/defs.asp , accessed on 12/4/07. The use of LHV or HHV depends on the 
outputs of the hydrogen production process being used. 
" In these cases, in the cost analyses in section 2.4 (and appendix 1(a)) where a conversion of $/GJ to $/kg (or 
vice versa) has been necessary, the LHV of hydrogen has been used, as this is the more conservative option. 
Similarly any conversions from $/kg to $/GJ (or vice versa) anywhere else in this thesis, use the LHV of 
hydrogen. 
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Some key reports are not included in this section because the qualitative data, although 
from an original source, are presented in a form that could not be used in the comparative 
data analysis. Often the data are given in an accumulative form (a number of costs being 
added together) in these reports (this is denoted by an 'a' in the appropriate cell in table 
2.1a). 
The appearance of a report as the source of data for the costs analysed in this section or 
appendix 1(a), does not automatically mean that it qualifies as a useful report, however (as 
mentioned in section 2.2.5). But, if a report does not appear as a reference to any of the 
costs in this chapter, it means that it does not meet one or more of the three criteria set for 
useful reports. No ranking or lists of most useful reports is given in this section. This is 
done in section 2.5. 
This section is divided into two sub-sections. The first sub-section is a summary of the 
main features and trends found as a result of comparing the cost analyses in the key reports-
as already mentioned, the detailed cost comparisons are given in appendix 1(a). The costs 
that have been compared include both unit capital costs of equipment and the unit cost of 
delivered hydrogen from via a particular production-delivery pathway. The second sub-
section concerns the vahdation of some of the capital cost data which have been obtained 
from manufactures/suppliers of equipment or other organisations. This was done by 
contacting these companies and asking a set of questions (described later). Comparisons 
between the cost-related conclusions reached by the various reports have also been made 
and are included in section 2.7. 
Due to the different assumptions, both technical and economic, made in each of the reports, 
it is not possible to perform direct comparisons in most cases, but here great effort is made 
to compare like with hke. In particular, in order to make comparisons of the unit capital 
costs more commensurable between the various reports , these costs are 'normahsed' by 
using a standard set of economic assumptions for the group of costs being compared, as 
described in section ii of appendix 1(a). These assumptions are for three important 
parameters: load factor, discount rate and the lifetime of the equipment/plant, and were 
found to have the following typical range of values in the reports reviewed: 
• load factor: 65 to 90% 
• discount rate: 10 to 14% 
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• lifetime of plant: 10-20 years 
The reason/source for selecting and using a particular value for these three parameters was 
often not given, a somewhat surprising omission, given their potential influence on the 
outcomes. It must be noted that in the analyses in this thesis (described in chapters 7 and 8) 
the above-mentioned three factors are kept at a constant baseline value, unless stated 
otherwise. 
2.4.1 Summary of Cost Comparisons and Trends 
All hydrogen infrastructure costs quoted and derived in each of the key reports have been 
thoroughly analysed and compared. Appendix 1(a) supplies a detailed description of the 
cost comparisons made. A short summary review of the main trends and interesting facts 
that were discovered is given here. 
Although the literature on hydrogen infrastructure includes the analysis of several different 
technologies for each of the constituent processes, when it comes to costs, the range of 
technologies analysed becomes much narrower. The technologies for which costs were 
found were as follows: 
o Hydrogen production technologies: SMR, electrolysis (alkaline, PEM and 
steam), gasification of MSW and biomass 
o Hydrogen Storage; as LH? and CH? in appropriate vessels, as a metal hydride 
and in underground caverns'^ 
o Hydrogen compression: mainly reciprocating compressors'^ 
o Hydrogen liquefaction: technologies not specified 
o Hydrogen transportation: by road as LH? and CH?, and by pipehne as CH2 
o Hydrogen dispensers: LH? and CH? dispensers 
General Trends in Costs 
Hydrogen production cost is a large constituent of total unit cost of hydrogen. 
Where liquefaction is required the cost of this process is also similarly high (see 
section iii (a), appendix 1(a)). 
Only one report out of those analysed included storage of H? as a metal hydride and in underground caverns 
in its analysis (Amos, 1998). 
In a number of reports the type of technology for the compressor used was not specified. 
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For a number of processes (including hydrogen production, liquefaction, 
compression and storage) strong economies of scale can be seen. Unit costs are 
particularly high for capacities <lt/d. 
Some reports have shown big reductions in costs as a result of increasing 
production volumes (Thomas, James et al. 1997). 
Although conclusions made regarding cost trends are similar for all reports 
analysed, actual costs (for the same technology of the same size) can be very 
different from one report to the next. 
Only a small number of reports include other costs such as site preparation, 
profit margin and contingency. 
Technology Specific Trends in Costs 
Small SMRs (up to around It/d) have a great potential for cost reduction as a 
result of technology development (section iii (c), appendix 1(a)). 
Alkaline electrolysers have higher unit capital costs than PEM ones (Berry 
1996). 
Changing the price of electricity has a significant effect on unit cost of hydrogen 
from electrolysis. 
Unit capital costs of actual existing pipelines do not show any obvious 
correlations with the length or diameter of the pipeline. However, the reports 
analysed generally show that the cost of H2 transportation by pipeline increases 
with increasing length and pipeline diameter, while it decreases with increasing 
flow rate. 
The cost of H2 transportation depends not only on flow rate and distance 
transported but also on the state of H? (hquid, compressed, as a metal hydride 
etc.). The unit cost of the truck/trailer is highest for metal hydride, followed by 
CH2, followed by LH?. 
The unit cost of pipeline transportation of H? is only less costly than 
transportation by road for high flow rates of around 300t/d (Amos 1998). 
The unit cost of storage depends mainly on the quantity of H, to be stored, but 
also on the state the H? is in, and where it is stored. 
One report showed that underground storage in caverns can be the least costly, 
but its availability depends on the location in question (Amos 1998). It also 
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showed that storage of H? as a metal hydride can be cost competitive with LH? 
storage (see section iii (f) appendix l(a))'^. 
From the data in the various reports it can be seen that the unit capital costs of 
LH2 storage vessels decrease as their capacity increases, while for CH? cylinders 
the relationship is not so clear. This is because for the latter both operating 
pressure and capacity of cylinder affect costs, (see section iii (f) appendix 1(a)). 
The unit costs of compressors decrease as their power output increases. The 
same is true of liquefiers, although small liquefiers (particularly those <lt/d) are 
far more costly than small compressors. 
Costs of both CH? and LH? dispensers are modular. In a number of reports the 
cost of CH2 dispensers is given to be $25,000, implying that they have all used 
the same (unnamed) source. 
2.4.2 Validating cost data with equipment suppliers 
In order to validate the cost data in the literature, which had been obtained from company 
sources (and in some cases research and development institutions), the sources quoted were 
contacted, and the relevant pages of the reports were faxed to them, together with a 
questionnaire (see appendix 2) for verification. Given the range of sources, this was a non-
trivial task that required sustained effort. 
The questionnaire, as well as asking these organisations to verify the data attached, makes 
other enquiries including those concerning changes (if any) in costs over time, and contains 
questions about the development of technologies. These questions were devised to assist 
with the economic modelhng. 
In some cases it proved impossible to contact the companies to which the data were 
attributed, as they could not be found, had become bankrupt or merged with others. Table 
2.4a lists the companies/organisations contacted as well as the reports they were quoted in 
and the cost data that had been attributed to them. In the 'comments' column, it is stated 
whether they verified the data or not, and indeed whether they failed to respond at all. 
Other more recent reports state that metal hydride storage is more costly than LH? or CH? storage (Ogden, 
1999, 'Prospects for building a Hydrogen Energy Infrastructure'). 
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There were two main stages in contacting companies. The first stage involved finding the 
appropriate contact, i.e. the person who could comment on the data in the literature and/or 
supply similar information. The second was obtaining the data from this appropriate 
contact. As shown in table 2.4a, for a number of companies the enquiry failed at the first 
stage. 
It can be seen from table 2.4a, that a number of companies responded and verified the data 
quoted in the reports. In most cases, those companies also gave more up-to-date cost 
information (most of which were used in the modelling analysis). For reasons of 
confidentiality, however, they did not want the new cost data to be directly attributed to 
them. 
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Table 2.4a: Sources of Cost Data Contacted and Comments 
Companies Contacted Area of Data Supplied Literature quoted in Comments 
Howe-Baker Engineers Cost of reformers (Ogden, Kreutz et al. 1996) Data confirmed 
Cost of SMRs (Ogden, Dennis et al. 1995) Data confirmed 
KTI/Air Products & Chemicals Cost estimates of SMRs (Ogden, Kreutz et al. 1996) Data confirmed 
Air Products and Chemicals Cost of H2 from SMRs, 
Electrolysers and POX of heavy oil (Thomas, James el al. 1997) 
Data confirmed 
Cost of hydrogen pipelines (Ogden 1997) Data confirmed 
Haldor-Topsoe Cost of reformers (Ogden, Kreutz et al. 1996) No comment on data 
Cost of SMRs (Ogden, Dennis et al. 1995) No comment on data 
Arthur D. Little Cost estimates for POX (Ogden, Kreutz et al. 1996) Appropriate contact not found 
Hydrogen Burner Technology Cost estimates for POX (Ogden, Kreutz et al. 1996) Bankrupt 
Cost of POX reformers (Schoenung 2001) 
Praxair Cost of PSA units (Ogden, Kreutz et al. 1996) No comment on data 
Bulk LH2 AND storage equipment (Schoenung 2001) No comment on data 
Cost of H2 from SMR 
(Thomas, James et al. 1997) 
Data confirmed 
Cost of hydrogen pipelines (Ogden 1997) No comment on data 
Hydrochem Cost of SMRs (Ogden, Dennis et al. 1995) Company not found 
RIX Industries Cost of compressors (Ogden, Dennis et al. 1995) Data confirmed 
Christy Park Industries (CPI) Cost of H2 storage cylinders (Ogden, Dennis et al. 1995) Data confirmed 
DVCO Cost of dispensing equipment (Ogden, Dennis et al. 1995) Company not found 
BMW/ARAL LH, Dispensers (Schoenung 2001) Aral has been bought by BP 
National Livermore Labs. Cost estimates for small SMRs (Schoenung 2001) Appropriate contact not found 
Fluor Daniel Inc. Cost of alkaline electrolysers (Thomas and Kuhn 1995) Appropriate contact not found 
Electrolyser Corporation 
(now Stuart Energy Systems) 
Cost of alkaline electrolysers (Thomas and Kuhn 1995) Data Confirmed 
Cost of H] from electrolysers 
(Thomas, James et al. 1997) 
Data Confirmed 
Cost of electrolysers 
(Thomas, James et al. 1998) 
Data Confirmed 
Stone & Webster Cost of PEM electrolysers (Thomas and Kuhn 1995) Merged with another company 
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Table 2.4a Continued: 
Companies Contacted Area of Data Supplied Literature quoted in Comments 
General Electric Cost of PEM electrolysers (Thomas and Kuhn 1995) No data obtained** 
Hamilton Standard 
(Division of United Technologies) 
Cost of PEM electrolysers (Thomas and Kuhn 1995) No comment on data 
Cost of electrolysers 
(Berry, Pasternak et al. 1996) 
No comment on data 
Hord & Parish Cost of SMRs (Thomas and Kuhn 1995) Company not found 
FuelMaker Cost of compressors (Thomas and Kuhn 1995) No comment on data 
CP Industries Cost of steel storage tanks (Thomas and Kuhn 1995) Data confirmed 
NOV Systems Inc. Cost of aluminium storage tanks (Thomas and Kuhn 1995) No comment on data 
ONSI, International Fuel Cells Cost estimate of fuel cell SMR* 
(Thomas, James et al. 1997) 
Appropriate contact not found 
BOC Gases Cost of H2 from SMR 
(Thomas, James et al. 1997) 
Data confirmed 
Cost of LH2 storage & dispensing (Ogden, Dennis et al. 1995) Data confirmed 
H2 hydrogen pipeline costs (Ogden, Dennis et al. 1995) Data confirmed 
Texaco Montebello Research Centre Cost of large SMR plants (Berry 1996) 
Appropriate contact not found 
Gardner Cryogenics Cost of hydrogen storage equip. (Berry 1996) No comment on data 
Teledyne Brown Engineering Cost of electrolysers (Berry 1996) No comment on data 
Chemische Werk Huls AG Cost of hydrogen pipelines (Ogden 1997) Appropriate contact not found 
ICI Cost of hydrogen pipelines (Ogden 1997) No data obtained** 
Air Liquide Cost of hydrogen pipelines (Ogden 1997) No comment on data 
TransCanada Pipeline Ltd. Cost of compressors (Amos 1998) No data obtained** 
Hydrogen Components Inc. Cost of metal hydride storage (Amos 1998) No comment on data 
FIBA Technologies Inc. Cost of compressed Hj tube trucks (Amos 1998) Data confirmed 
* This estimate is based on a prototype of a phosphoric acid FC with a specially built-on SMR. 
** This company no longer supplies/manufactures this equipment. 
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2.5 Quality Assessment 
As noted in section 2.2 a method had to be devised in order to judge the 'usefulness' of the 
reports reviewed. It was found that the usefulness of a report essentially depended on how 
well it met the following five criteria: 
1) Did they take capital equipment costs from original sources (equipment 
suppliers), or some other source that could be shown to be reliable and up-to-
date at the time of writing? 
2) Did they break down the capital and running costs into their principal 
constituent parts? 
3) Did they use a thorough, detailed, rehable and well-explained method of 
calculation? 
4) Did they use appropriate values and assumptions for non-equipment related 
costs, and appropriately justify any key assumptions that were made? 
5) Did they make all the required information accessible to the reader, noting for 
which year the estimates are constructed - and at what year's prices? 
Criteria 3) and 4) concern the method of calculation/derivation of the costs of hydrogen 
infrastructure, as well as the assumptions made, while criteria 1), 2) and 5) are related to the 
way the cost data are presented to the reader and how much detail about their constituent 
parts and sources is revealed. 
In section 2.3 the similarities and differences between the methods of hydrogen 
infrastructure cost analysis and derivation have been examined. It is found that in the main 
very similar methods of estimation are used for the derivation of capital cost components 
and delivered hydrogen costs. A few reports have used alternative methods of calculating 
these factors. Similarly, different reports have made different assumptions about values for 
certain criteria (e.g. discount rates and plant capacity factors); some have been more 
conservative than others. 
As far as methods of calculation are concerned, the main criteria by which the reports have 
been judged are the clarity and transparency with which the methods and equations used 
have been described, and whether all assumptions made have been clearly stated. 
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Where any methods, equations and assumptions used were found to be inappropriate, this 
was originally noted in the 'quality assessment' part of the report summaries (not included 
in this thesis because of space limitations). Such cases were found to be very rare. 
In section 2.4 (and appendix 1(a)) the cost data on hydrogen infrastructure in the reports 
reviewed have been compared and the trends they showed analysed. As noted, the citing of 
a report as the source of data for the costs analysed in section 2.4 does not automatically 
mean that it qualifies as a particularly useful report. However, if a report does not appear as 
a reference to any of the costs in section 2.4, it means that it does not meet one or more of 
the three criteria set for useful reports, with regard to cost data representation (i.e. criteria 
1), 2) and 5). Therefore, the candidates for particularly useful reports will be amongst those 
cited in section 2.4 (and appendix 1(a))- these reports are listed in table 2.5a below. 
Table 2.5a which lists the 13 most useful reports, shows how well they meet the criteria 
mentioned above. The following grading has been used to create an overall score: 
1 : Fair 2 : Good 3 : Very good 
The highest score shown in the table was 31 out of a possible maximum of 33 points (i.e. 
94%), while the lowest was 20/33 (i.e. 61%), indicating that all of them ranged between an 
average 'good' (22 points) and 'very good' (33 points) on these criteria. 
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Table 2.5a: Usefulness of Reports 
Report Relevance 
to cost of 
H2 infra. 












Thorough Transparent Appropriate 
Ford Hydrogen 
Infrastrucuture Study 
(Thomas, James et ai. 
1997) 
3 
3 3 3 3 2 3 2 3 3 3 31 
Hydrogen Energy 
Systems Study (Ogden, 
Dennis et al. 1995) 2 2 2 3 3 3 3 3 2 2 2 27 
Assessment of 
.Hydrogen f rom NG. . . 
(Ogden, Kreutz et al. 
1996) 
2 
2 3 3 3 3 3 3 2 2 3 29 
Electrolytic Hydrogen 
Production . . . 
(Thomas and Kuhn 
1995) 
2 
2 1 3 3 3 3 3 3 3 3 29 
Hydrogen as a 
Transport Fuel (Berry 
1996) 
2 
1 2 2 3 2 3 2 2 3 3 25 
Cost of Storing and 
Transporting of H2 
(Amos 1998) 
3 
1 2 3 3 3 3 3 3 3 3 30 
Feasibility and Cost. . . 
pipeline transmission . 
. .(Ogden 1997) 3 2 2 3 3 2 3 2 3 3 26 
Guidance for 
Transportation 
Technologies . . . 
(ADL 2002) 
2 
1 3 2 1 3 2 3 3 20 
Solar Hydrogen, 
moving beyond . . 
(Ogden and Will iams 
1989) 
2 
2 2 3 3 3 2 2 2 2 3 26 
Production o f . . 
hydrogen f rom M S W 
(Chen 1995) 1 1 2 3 3 3 2 3 3 3 3 27 
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Table 2.5a continued: 
Report Relevance 
to cost of 
H2 infra. 
Sources of capital costs Cost data Methodology Assumptions/ non-equipment 
costs Referencing/ Total 
Points/33 Original Reliable/ Up-to date^ 
Broken 




Thorough Transparent Appropriate 
Experience in . . .wind-
powered hydrogen 
production systems 
(Button, Bleijis et al. 
2000) 1 1 2 2 2 2 2 2 2 2 2 21 
Production of methanol 
. . . . f rom biomass 
(Larson and Katofsky 
1992) 2 1 2 3 2 3 3 3 3 3 3 28 
. . . analysis . . . . Of 
hydrogen f rom 
sunlight, wind, and 
biomass 
(Mann, Spath et al. 
1998) 
2 
1 2 2 2 2 3 3 3 3 2 25 
This is with respect to the date of report publication. 
The figures in bold in the last column are the total number of points for each report. 
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2.6. Additional Key Reports Used As Sources of Information 
In addition to the reports reviewed in the above sections, there were a number of others 
which were subsequently used by the author as sources of information on hydrogen 
infrastructure costs for the modelling. They were not included in the above review because 
they were not available when publications were being sought prior to the review, or the 
author had not yet discovered them. 
These additional publications are also concerned with the costs of hydrogen infrastructure 
(as well as other issues). These reports are discussed briefly in this section with regard to 
their content and usefulness as sources of information in this thesis. Any cost trends that 
were found to be different from those found in the previously reviewed reports (discussed 
in section 2.4 and appendix 1(a)) have also been mentioned below. 
Conclusions reached by the additional key reports have been included in the discussion in 
section 2.7. 
2.6.1 Content and Usefulness of Additional Reports 
In all there are 11 additional key reports, all of which (bar one (Lasher, James et al. 2004)) 
have been referred to in chapter 4, where their use as sources of data (in the modelling) has 
been indicated. The 11 reports are listed in table 2.6a below. Table 2.6a has the same 
structure as table 2.1a, in section 2.1; it indicates the range and type of cost data included in 
the 11 reports discussed here. As can be seen from table 2.6a, most of the reports contain 
original cost data (denoted by 'o'), as well as secondary data (denoted by ' s ' ) , and between 
them cover almost all the categories of hydrogen infrastructure costs shown. 
Four of the reports listed in table 2.6a were found particularly useful by the author. These 
are: (H-SAPs 2001), (Ivy 2004), (Stromberger 2003), and (Parker 2004). What made these 
reports useful is the fact that they filled in the data gaps left after various 
companies/organizations had been contacted regarding cost data on various pieces of 
equipment. 
The H-SAPs report provided cost data on storage vessels with a wide range of operating 
pressures and capacities; it also included cost data on electrolysers. The report by J. Ivy 
provided more up-to-date technological and operational data on a range of electrolysers 
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currently on the market; with varying technologies and capacities. The thesis by 
Stromberger contained cost data on equipment related to liquid hydrogen, which could not 
be found elsewhere; this included cost information about Uquefiers and LH2 storage tanks. 
Finally the Parker report included analysis and derivation of costs for hydrogen pipeline 
installation based on natural gas pipelines, which was the most relevant set of data for this 
piece of equipment found by the author. 
It was particularly difficult for the author to extract cost data from industry sources 
regarding liquefiers and liquid hydrogen storage tanks. However, some of the companies 
contacted did refer the author to some hterature sources that are regarded as highly reliable 
by the industry, for both cost and technological data for these pieces of equipment. As well 
as the already mentioned report by Stromberger, two others, listed in table 2.6a, were used 
as sources of information for liquefiers in particular. They are (Syed, Sherif et al. 1998) and 
(Evans West 2003). 
As well as sources of cost data, a number of reports were used as sources of information 
regarding the methodology used and assumptions made concerning the analysis of 
hydrogen infrastructure costs. Three of the publications were found especially useful in this 
respect, two of which are theses, an MSc thesis (Weinert 2005) and a PhD thesis 
(Stromberger 2003), and the third was a report by Dale Simbeck et. al. (Simbeck and Chang 
2002). These three reports, like this thesis, compare the costs of hydrogen from various 
production-delivery pathways (amongst other analyses). The author has tried as much as 
possible to extract useful information from the methodologies, results and conclusions in 
these reports, but also to learn from any over-sights or short-comings in the analyses. The 
main findings and conclusions reached by these reports (as well as others covered in this 
chapter) have been compared in section 2.7. On the whole, they reach similar conclusions 
(to each other and to those reached by this thesis), but there are some notable variations-
these are highhghted and discussed in section 2.7.2, as well as chapter 10, section 10.4, 
with reference to the differences in the assumptions made and methodologies adopted. 
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Table 2.6a: Main Features of Additional Key Reports 
Report 



















(Myers, Ariff et al. 2002) o,s X X X X X 
1997-
2002 
{E4tech 2005) o,s X X X X X X X X X 
2001-
2004 
(Evans West 2003) s X 2003* 
(H-SAPs 2001) 0 X X X 2001* 
(Ivy 2004) 0 X 2003 
(Weinert 2005) o,s X X X X X X X X X X 
2002-
2004 
(Lasher, James et al. 2004) 0 X X X X X X X 2004* 
(Parker 2004) 0 X X 2004 
(Sitnbeck and Chang 2002) 0 X X X X X X X X X X X 2002 
(Stromberger 2003) o,s X X X X X X X X X X X 2001 
(Syed. Sherif et al. 1998) s X X X 1998* 
Notes: 
Type of Data: o denotes reports containing original cost data, and s denotes those containing secondary data, and n means not made clear. 
a denotes costs shown in an accumulative way, i.e. not separately shown for the particular process. 
R.E. stands for hydrogen f rom renewable energy sources, such as wind, photovoltaic, biomass and MSW. 
* In these cases the year the report was published is given, as the year of costs was not made clear. 
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The report by E4tech (E4tech 2005) was found useful in terms of both cost data and 
assumptions made regarding important economic factors. This report is essentially about 
the penetration of hydrogen vehicles into the European market and the costs associated with 
it, which is a topic outside the remit of this thesis, but related never-the-less. 
Two of the reports listed in table 2.6a examined how costs of hydrogen infrastructure might 
change over time, either as a result of technology development or increase in production 
volumes; they were (Myers, Ariff et al. 2002) and (Lasher, James et al. 2004). This type of 
analysis is similar to that carried out in this thesis, and described in chapters 5 and 8 
(references to these reports have been made in the latter chapters). In the report by D.B. 
Myers of Directed Technologies, the DFMA (Design for Manufacturing and Assembly) 
concept is applied to a number of hydrogen infrastructure equipments and costs have been 
derived for a relatively high volume production (250 units per year). J. Lasher et. al., 
through their work for the H2A group, consulted industry in order to obtain future cost and 
efficiency data on a number of pieces of hydrogen infrastructure equipment. There are 
uncertainties associated with both these methods of future cost estimations, and this has 
been acknowledged in the respective publications. 
2.6.2 Comparison of Costs: Additional Key Reports with Original Key Reports 
As already mentioned, a full critical analysis of the costs, similar to that carried out for the 
original key reports, was not done for the additional reports. However, as in some of the 
additional reports costs for similar types of equipment'^ (to those in the original key 
reports) were quoted, such costs have been compared. Table 2.6b shows whether the capital 
or unit costs in the additional reports are higher, lower and/or similar to those in the original 
key reports. (When costs are only around 10% different from those in the original key 
reports they are classified as being similar.) 
As the additional reports are more recent compared to the original key reports analysed, in 
theory this exercise should show whether capital costs have increased or decreased with 
time. However, the capital costs could have been obtained from different industry sources, 
and so direct comparisons are not possible. Some trends can be seen nevertheless. In the 
case of SMRs it can be seen that the capital costs are either lower or similar in the 
" The pieces of equipment compared were of approximately similar capacities as well as the same 
technology. 
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additional reports compared to the original key reports. This implies that the cost of SMRs 
may have fallen. 
For all other pieces of equipment a clear trend is not visible, although it looks like in most 
cases the capital cost is either similar or higher in the additional key reports. If more 
additional reports had been obtained and considered much clearer trends might have been 
visible. With these limited data it is both difficult to see trends and inappropriate to draw 
any conclusions from them. 
Unit costs of hydrogen from various pathways were also given in some of the additional 
reports analysed. They have also been compared to relevant costs in the original key 
reports, and the outcome is shown in table 2.6b. It must be noted that for unit costs of 
hydrogen (and capital costs given per unit of hydrogen output), costs have not been 
'normalized' (as explained in appendix 1(a), section ii), and so comparisons are even less 
robust. 
As indicated in the 'comments' column in table 2.6b, it was not possible to make direct 
comparisons between the costs of most of the off-site pathways. This was mainly due to 
different flow rates being considered in the additional reports compared to the original key 
reports. In the case of off-site pathways with pipeline transportation, no comparisons could 
be made as transportation distances were not specified (this was the case for both original 
and additional key reports. 
It is interesting to see from table 2.6b, that in the case of unit costs of Hg for on-site 
pathways, they are either similar or higher in the additional key reports compared to the 
original key reports (this is also the case for the one off-site pathway listed in the table). 
The reason for this is likely to be that in the original key reports costs incurred prior or 
during the installation of the equipment (engineering, design, planning, site preparation 
etc.), commissioning costs, and contingencies were in the main not considered. In contrast, 
the additional key reports almost all considered some or all of these costs. The reason 
behind this difference could be the increase in the number of hydrogen infrastructure 
related pilot projects and the experiences gained from these. 
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Table 2.6b: Comparmg Costs in Additional Key Reports to those in Original Key Reports 
Additional Key Reports Equipment/ 
Pathways 
Equipment: Capital 
Costs relative to those 
in Original Key 
Reports' 
Pathways; Unit H2 
Costs relative to 
those in Original 
Key Reports 
Comments 
(Myers, Ariff et al. 2002) SMRs* Lower 
SMR costs have been 
estimated for large production 
volumes 
Compressors Similar 
CH2 Storage Higher and Similar 
Dispensers Similar 
(E4tech 2005) SMRs* Lower and Similar Unit Ho costs were derived 
but these were for 
combinations of pathways. 
Liquefiers Higher 
(Evans West 2003) Liquefiers Higher 
(H-SAPs 2001) 
Electrolysers Similar 
CH2 Storage Similar 
(Ivy 2004) Electrolysers Lower 
(Weinert 2005) 
Electrolysers Higher Note: the pressures of C H i 
storage cylinders were not 
specified. 
Off-si te pathways were also 
analysed but they were for 
now rates much lower than 
those in the original key 
reports. 
SMRs* Similar and Lower 
CH2 Storage Lower 
On-site Electrolysis Pathway Higher** 
On-site SMR Pathway Higher** 
(Lasher, James et al. 2004) SMRs* Similar 
Off-site pathways were also 
analysed, hut as Iheir costs 
did not include production 
costs, comparisons could not 
be made. 
Electrolysers Similar 
CH2 Storage Higher 
On-site SMR pathway Similar** 




The pipeline cost estimations 
are significantly higher than 
those in (Ogden, Sleinbugler 
et al. 1997) 
(Simbeck and Chang 2002) Large SMR* (150t/d) Lower It is stated in this report thai 
most of the unit costs of 
hydrogen derived are similar 
to those estimated by Air 
Products and included in 
(Thomas, James el al. 1997) 
Unit costs for electrolysis 
seem highly over estimated. 
Small SMR* (0.47t/d) Higher 
Electrolyser Higher 
Liquefier Lower 
On-site SMR pathway Similar 
On-site Electrolysis pathway Higher 




SMRs* Lower and Similar Capital costs of equipment in 
this report are very close to 
those obtained by the author 
from industry sources. 
Off-site pathways were also 
analysed hut the flow rales 
were different to those in 
original key reports. The unit 
costs for these pathways were 
much lower than those 
derived in this thesis (a load 
factor of 100% was assumed 
for off-site pathways). 
Al. Electrolysers Higher 
Liquefiers Higher and Similar 
LH2 Storage Higher 
CH2 Storage Higher 
LH2 truck Higher 
Compressors Higher 
LH2 Dispensers Lower 
CH2 Dispensers Higher 
On-site SMR pathway Higher** 
On-site electrolysis pathway Similar** 
(Syed, Sherif et al. 1998) Liquefiers Higher 
* This includes PSA. ** The unit costs for these on-site pathways were similar to those derived in this thesis. 
' When costs are only around 10% different from those in the original key reports they are classified as being similar. 
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2.6.3 Comparison of Costs in Additional Key Reports with those in this Thesis 
The unit costs of the on-site pathways in the additional key reports were found to be similar 
to those derived using the model in this thesis. This similarity is perhaps not surprising as 
similar basehne assumptions were made in this thesis to those in the additional key reports, 
and the capital costs of equipment were also similar (although the majority of such costs in 
this thesis were sourced directly from industry). 
The unit hydrogen cost trends were overall similar in the additional reports compared to 
those derived in this thesis, bar two cases. These are indicated in the 'comments' 
column in table 2.6b. One is the unit cost for the on-site electrolysis pathway in 
(Simbeck and Chang 2002), and the other the unit costs for the off-site pathways in 
(Stromberger 2003). Simbeck gives very high capital and running costs for electrolysers 
compared to all other reports analysed, and although it is stated that they were cross-
checked by industry, the exact source is not made clear. The much lower costs of the 
off-site pathways in (Stromberger 2003), compared to those derived in this thesis, can 
be explained by the fact that much higher flow rates were assumed for the production 
sites (> 200t/d), and moreover, a very high load factor of 100% has also been assumed. 
The conclusions reached by the additional key reports (as well as the other key reports 
reviewed) were also found to be similar in the main to those reached by this thesis. 
However, there are a small number of differences; the two main contradictions are as 
follows: 
It has been found in this thesis that contrary to the conclusions reached by the 
publications reviewed, electrolysis is not always the least cost hydrogen 
production option for very low flow rates (<0.2t/d). SMR can cost less, 
depending on local factors, such as price of fuels, load factor and discount rate. 
The general consensus amongst the reports reviewed is that for low flow rates 
(<lt/d) on-site options (on-site SMR and electrolysis) are the least costly ones. 
This thesis found that hydrogen produced remotely via SMR and transported by 
road in CH2 tube trailers can also be a least-cost option at low flow rates, and 
under certain conditions can cost less than the on-site options. 
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2.7 Conclusions and Main Findings 
The conclusions reached by all the reports analysed in this literature review have been 
summarised and are hsted in appendix 1(b). These latter conclusions cover both those 
concerning the cost of hydrogen infrastructure and other analyses (and comparisons) 
carried out in the various reports. In the following sub-section (2.7.1) all the findings and 
conclusions are compared and any similarities and differences between them are 
highlighted. The differences, in particular are useful as they are an indication of the areas 
which may benefit from further research. Finally section 2.7.2 includes overall conclusions 
reached by the review in terms of the quality assessment of the reports. 
As noted in the introduction (section 2.1), it was found that on the whole, the analyses in 
studies reviewed concerning the costs of hydrogen infrastructure fell into the following 
categories: 
a) analysis and comparison of equipment costs: hydrogen production equipment, 
hydrogen storage equipment, transportation equipment etc., 
b) analysis and comparison of different hydrogen supply pathways/scenarios and 
their costs in a particular location, 
c) analysis of market development strategies (for hydrogen vehicles) and 
competitiveness with petrol and diesel. 
It was therefore thought appropriate to list the conclusions, reached by the reports 
reviewed, under similar headings in appendix 1(b). Some conclusions fell outside the above 
three categories; these have been listed under d) Other Conclusions. 
2.7.1 Analysis of Conclusions 
Similarities 
One of the important findings of this critical literature review is that there are far more 
similarities in both the methods of analysis and the conclusions reached by the reports 
reviewed than there are differences. The similarities are particularly notable in terms of 
trends found from the analyses of the costs of the technologies and hydrogen production 
and delivery pathways (section 2.4 and appendix 1(a)). 
From the conclusions reached by the reports reviewed (listed in appendix 1(b)), and what is 
evident from the analysis of their quantitative results in section 2.4, the following main 
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common threads can be drawn regarding current hydrogen infrastructure technology and 
development: 
Size (or capacity) of hydrogen production facility is a major factor in terms of 
both capital costs and delivered hydrogen costs. 
Overall, both capital and delivered hydrogen costs fall with increasing size, and 
do so more sharply for small sizes. 
For most hydrogen production/delivery pathways, capital costs are a dominating 
component of delivered hydrogen costs. 
Costs are expected to fall with technology development as well as increasing 
production quantities. 
The choice of current hydrogen production source/technology depends to a 
large extent on local factors (such as energy costs and resource availabihty), but 
most of all it is dependent on the level of demand (or flow rate). The reports 
reviewed all (bar one (Stromberger 2003)) agree on the following: 
o For very low levels of demand (<0.2 tons/day) small electrolysers provide 
the best available option. 
o For low levels of demand (<1 ton/day) truck delivered liquid hydrogen 
from existing hydrogen production plants are favoured. If this option is not 
available on-site SMR would be the next best source. 
o For medium (1-5 tons/day) levels of demand on-site SMR or electrolysis 
or large centralized SMR plants with transportation by road (as CHz or 
LH2) to the refuelling point (the choice is highly dependant on load factor), 
o For high levels of demand (>5 tons/day) large centralized SMR with 
transportation to local refuelling stations have the least cost. 
Technological developments which are expected to have a significant effect on 
hydrogen infrastructure development in the near future are those in small 
advanced SMR units, and small electrolysers, both designed with fuel cell 
applications in mind. 
The choice of hydrogen distribution methods is also dependent on local factors 
and the particular level of demand, but for small quantities of hydrogen road 
transportation is more feasible than pipeline. 
79 
The choice of hydrogen storage technologies is limited by availability and 
commercialization of technologies and is again dependent on local factors (such 
as local geology) and level and type of demand. 
Amongst renewable sources of energy, biomass is the only source that can 
currently produce hydrogen at a cost comparable to that from natural gas. 
The unit cost of hydrogen for all production-delivery pathways is very sensitive 
to the load factor (or utilization factor). 
Differences 
By examining the conclusions listed in appendix 1(b), it becomes evident that some of them 
contradict each another. These areas of conflict which are highlighted here are to some 
extent more interesting to this thesis than the similarities listed above, as they are the areas 
which are likely to benefit from further research. The results of the analyses in this thesis 
have shed some light on some of the issues listed below (see chapter 10 section 10.4). 
The areas of conflict are as follows (the conclusions are referred to by their corresponding 
numbers as listed in appendix 1(b)): 
a. Between 8 and 9: One report states that the costs for SMR and ATR (as well as 
POX) are similar (Ogden, Dennis et al. 1995), while another somewhat more 
recent report (Myers, Ariff et al. 2002) states that hydrogen from ATR has 
higher unit costs than that from SMR . 
b. Between 11 and 12: (H-SAPs 2001) concludes that PEM electrolysers currently 
cost more than alkaline electrolysers, while another earlier report states the 
opposite (Berry 1996). 
c. Between 23 and 24: (Parker 2004) concludes that most of the pipeline 
installation costs are made up of labour and materials costs, while (Simbeck and 
Chang 2002) states that much of the pipeline costs are associated with acquiring 
rights-of-way. 
d. Between 32. and 33: the conclusion from one report imphes that hydrogen from 
electrolysis using off-peak electricity would cost less than that from normal 
electricity (Thomas, 1995), while that from another states that; with the use of 
low cost off-peak electricity, the cost of hydrogen produced from electrolysis 
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does not fall, as the equipment will have low utilization (it would only be 
working for about 12 hours a day) (ADL, 2002). 
e. Between 37 and 38 and 39: One report (Stromberger 2003) concludes that in the 
early stages of hydrogen infrastructure development the least costly pathway is 
the production of LH2 via SMR followed by LH2 by road transportation. A 
number of other reports state that at this stage of market development, on-site 
electrolysis or SMR are the least-cost options. 
f. Between 43, 44, 46. 47. 48 and 45: From comparing these conclusions it can be 
seen that those reports which consider the cost of hydrogen on a $/km basis, all 
conclude that hydrogen can be competitive with petrol for certain pathways 
and/or assumptions. Those that compare costs of hydrogen on a $/GJ basis reach 
a contrary conclusion (ADL 2002). 
From the above differences in conclusions it can be seen that certain assumptions are 
crucial when comparing costs of different technologies and pathways. Points d and e above 
highlight the importance of assumptions regarding load factor (or utiUsation factor), while 
point /shows the importance of assumptions regarding fuel use, or fuel efficiency of 
hydrogen vehicles. In this thesis effort has been made to qualify all results and conclusions 
with the assumptions made regarding all the important variables. 
2.7.2 Final Comment 
As the reports were very different in terms of their aims and scope, they could not all be 
compared directly. It was found to be more appropriate to compare them against a set of 
five criteria to do with accuracy, accessibility, and reliability of their data on hydrogen 
infrastructure costs (see section 2.5). Out of the 25 original key reports reviewed, nineteen 
were found to contain original cost data, (i.e. data obtained from equipment suppliers, 
rather than other reports) out of which only thirteen had broken down the costs in a useful 
and informative way, giving clear descriptions of their methodologies and assumptions. 
These latter reports, which are the ones whose costs are compared and analysed in section 
2.4, as well as the additional key reports (discussed in section 2.6) were found to be the 
most useful in terms of the hydrogen infrastructure cost analysis and modelling carried out 
for the thesis. Thus this chapter's critical review of the literature on costs, as well as being a 
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contribution in its own right, has provided the basis for the modelling exercises described in 
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Part II: Thesis Methodology 
Chapter 3: Methodology Overview 
3.0 Introduction 
This chapter starts by briefly stating the aims and objectives that the devised methodology 
had to achieve. These include the objectives for the literature review, the modelling 
analysis, and the sensitivity and uncertainty analyses. 
Following the statement of the objectives, an overview of all the tasks that had to be 
performed during the course of the thesis is given. Key parts of the methodology are then 
described in detail. These include the choices that had to be made regarding the hydrogen 
infrastructure technologies and the reasons behind them, the modelling approach and some 
of the key modelling calculations. The section on modelling approach describes how the 
model was first designed in terms of its inputs, outputs, and functionahty, by using flow 
charts. 
The modelling process has a number of limitations, partly due to limited data available, and 
partly due to some of the assumptions made. These limitations may lead to inaccuracies and 
uncertainties in the cost estimations. The latter issues are discussed in section 3.7. Finally a 
brief description of the methodology for the treatment of uncertainty is given in section 3.8 
and its main strengths and limitations are highlighted. 
3.1 Methodology Aims and Objectives 
The methodology aims and objectives fall under three categories, associated with the three 
main types of analysis that had to be undertaken for this thesis; 
• Literature Review 
• Modelhng Analysis 
• Sensitivity and Uncertainty Analysis 
Literature Review 
As noted in chapter 2, the literature review, as well as aiming to critically review the 
relevant literature had two other objectives associated with the work required for this thesis; 
one was to find as much relevant cost data for hydrogen infrastructure equipment and 
networks as possible and to compare these costs, and the other was to analyse and compare 
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the methodologies used in the various publications. These aims were set in order to assist 
with refining the overall objectives of the thesis, designing the thesis methodology, and to 
identify the gaps in knowledge about the costs of hydrogen infrastructure. 
Although not an original aim of the literature review, some of the cost data collected from 
the more recent publications reviewed were used in the modelling exercise. This was done 
in cases where the cost information could not be obtained from industry sources (sources of 
data used are indicated in the appropriate tables in chapter 4). 
As part of the critical literature review a number of key reports were examined in detail and 
judged against a set of criteria. The aim of this latter part of the review was to find the level 
of accuracy, transparency and relevance of the available literature. A more detailed 
description of the aims and objectives of the literature review is given in chapter 2, section 
2.1. 
Modelling Analysis 
One of the key aims of the modelling exercise, and in effect this thesis, was to see whether 
there are certain production-delivery options or pathways that stand out as the more 
financially viable options than others. Similarly, it was important to find out whether there 
are any production-delivery pathways that appear not to be financially viable under most or 
any circumstances. 
The models were therefore constructed, to achieve the following: 
to compare the costs of various production-dehvery pathways 
to compare the costs of on-site hydrogen refuelhng to an off-site system 
to see what the main factors are which could affect the overall unit cost of 
hydrogen (at the refuelling point) 
to examine the effects of changes in energy prices (over time) on the relative 
costs of the different hydrogen production-delivery pathways 
to examine the effects of technology development and other learning effects 
(over time) on the relative costs of different hydrogen production-delivery 
pathways 
to examine the effects of different rates of growth in demand for hydrogen on 
the relative costs of the hydrogen production-delivery pathways 
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With the above objectives in mind, the models were constructed to have the following 
essential qualities: 
a) Possibility to easily choose and change the various technology options and 
methods available (to set the different production-deUvery pathways); 
b) Possibility to examine different network structures, both on-site and off-site'® 
(with varying numbers and sizes of refuelling stations) 
c) Possibility to access and change all important (if not all) parameters; 
d) All components of each hydrogen infrastructure process costs to be calculated 
separately and added to give the overall costs (so that it is possible to see the 
value of each individual component). (These components include capital cost, 
O&M costs, feedstock costs etc.); 
e) Similarly costs of each process to be calculated and displayed separately; 
f) All process costs to be related to the capacity required as far as possible. 
For ease of both construction and use, two models were built. One to examine on-site 
refuelling stations and one to examine off-site ones. The structure of these models and their 
various features are described in section 4.1, chapter 4. 
Sensitivity and Uncertainty Analysis 
As with any modelling exercise, it is important to carry out a thorough sensitivity analysis 
in order to see what parameters the model output is sensitive to and to what extent. This 
was therefore the main goal of the sensitivity analysis. 
The extent of the sensitivities of the various parameters are different for different 
production-delivery pathways, so it was important for the methodology to take this factor 
into consideration. In addition, the sensitivities of some of the parameters are affected by 
changes in certain key parameters, such as size and number of refuelling stations, so the 
methodology had to include further analyses to take the latter into account (see chapter 9, 
section 9.1.3, and appendix 4(a)). 
As a reminder, in this thesis, on-site refuelling stations have all processes, including hydrogen production 
on the same site, while off-site refuelling systems consist of separate sites for hydrogen production and 
refuelling. 
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Each of the input parameters in the model has a range of possible values associated with it-
this in turn translates to a range of values for the model outputs. The aim of the uncertainty 
analysis was to estimate the possible variations in the model outputs, and hence gauge the 
robustness of the modelling analysis results and conclusions. The method devised to carry 
out this analysis was limited by the availability of data, and so is somewhat crude, but it 
does in most part accomplish its objectives. This methodology and its limitations are 
discussed in section 3.8. 
3.2 Overview of Thesis Tasks 
Once the thesis objectives were decided upon'^, they were translated into the methodology 
aims and objectives (as summarised in the above section). The tasks to achieve these 
objectives were then identified. These tasks, carried out throughout the project, can be 
divided up into the following groups: 
1) Critical review of literature, and initial assembly of cost data 
2) Choosing the hydrogen infrastructure technologies to include 
3) Assessment of required data for modelling 
4) Obtaining the required data 
5) Design and construction of the Models 
6) Running the Models 
7) Critical interpretation of results 
Many of these tasks are inter-related. For example, in order to decide which technologies to 
include in the analyses, data obtained from the literature review were drawn on 
significantly. (The information on hydrogen infrastructure technologies, on which the latter 
decisions were based is discussed in section 3.3). In addition it was mainly information in 
the available literature which was used to assess what data were required for the model 
construction. The hydrogen infrastructure processes and the data required for each are 
summarised in table 3.2a. The first three tasks hsted above were therefore not performed 
consecutively in the order given above, but had much overlap between them. 
Once a clear view had developed about what technologies were to be included, and what 
data were required (although the latter changed as more information was obtained), a 
" Some refinements were made to the thesis objectives in the hght of the literature review and some of the 
preliminary analyses. 
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questionnaire was constructed for each set of technologies. These questionnaires were used 
as guidelines in interviews with industry experts, in order to obtain the required 
information. An example of such a questionnaire is given in appendix 2. The questions 
asked not only aimed to find values for parameters listed in table 3.2a, but also information 
about the level and rate of growth of markets for the various pieces of equipment and their 
effect on prices. The latter type of information was required for the technology 
development analysis as described in chapter 5, section 5.2. 
Most of the interviews or communications with industry experts were carried out by 
telephone or email; only two of the interviews were actually performed in person. In 
general it was rather difficult and time-consuming trying to obtain an interview with an 
industry expert, despite our Centre's good contacts and reputation. This is not surprising as 
such interviews take time, and most of these experts had a number of other more important 
priorities during a period of high activity for the industry. Furthermore, the data required 
were considered commercially sensitive by most. Several of the attempts made in arranging 
interviews were therefore not fruitful. 
A list of the companies contacted is given in appendix 2 (in most cases more than one 
person in a company was contacted). Less than half the companies contacted agreed to give 
information. As stated in chapter 4, in the case of some technologies none of the relevant 
companies agreed to give information, and so the data could only be extracted from 
available literature. 
In most cases the data obtained for a particular parameter were not unique, and so a range 
of values resulted (as shown in the tables in chapter 4). From this range a baseline value 
had to be chosen to be used in the base case scenarios. This value had to be the most likely 
one for that parameter. Its choice was therefore based on how reliable the sources of data 
were judged to be and how many of the sources of information gave the same (or similar) 
figures. In most cases an average, or mid-range value was chosen unless there were good 
reasons for choosing a different value. (The baseline values for the different parameters are 
also given in the tables in chapter 4). 
The models were then constructed within Microsoft Excel, using the data obtained from 
both industry sources and literature. (The structure of the models, and the way each piece of 
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equipment making up a hydrogen infrastructure was modelled are described in detail in 
chapter 4; in chapter 5 a description of modelling time-related variations is given. The 
methods of calculating the various costs are described in section 3.6 below.) 
The next task was to run the models, firstly in order to see if all the constituent parts were 
functioning correctly, and secondly in order to carry out the analyses required to fulfil the 
project objectives. (Chapters 6, 7, 8 and 9 describe the analyses carried out and their 
results). Finally the results of the analyses were interpreted and discussed. There was much 
overlap between the last two tasks, as interpretation of some analyses would lead to 
requirements for further model runs. 
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Table 3.2a: Data Required for Cost Derivation 
Process Generic Costs Local Costs Technical Factors Financial Factors Other Factors 
Hydrogen 
Production 
- Capital cost of equipment* 
- O&M costs - Energy costs 
- Cost of labour 
- Cost of land 
- Feedstock/energy 
conversion factors 
- Energy requirement 
- Equipment lifetime 
- Discount rate 
- Taxes 
- Plant capacity/load 
factor 




- Capital cost of storage tank* 
- Capital cost of liquefier or 
compressor* 
- Cost of hydride* 
- O&M costs 
- Cost of energy 
- Cost of cooling 
water 
- Cost of labour 
- Cost of land 
- Energy requirement 
- Cooling water 
requirement 
- Equipment lifetime 
- Discount rate 
- Taxes 
- No of days of storage 
- Quantity for storage 
- Availability of 
underground storage 
- Labour required 




- Capital cost of liquefier* 
- O&M 
- Cost of energy 
- Cost of cooling 
water 
- Cost of labour 
- Cost of land 
- Energy requirement 
- Cooling water 
requirement 
- Equipment lifetime 
- Discount rate 
- Taxes 




- Capital cost of compressor* 
- O&M 
- Cost of energy 
- Cost of cooling 
water 
- Cost of labour 
- Cost of land 
- Pressure required 
- Energy requirement 
- Cooling water 
requirement 
- Equipment lifetime 
- Discount rate 
- Taxes 




- Capital cost of vehicle* 
- O&M 
- Cost of fuel 
- Cost of driver 
- Fuel use per mile - Equipment lifetime 
- Discount rate 
- Taxes 
- Distance transported 
- No. of trips per day 
- No. of driver hours 
- State of hydrogen 
Hydrogen Pipeline 
Transportation 
- Pipeline installation cost** 
- Capital cost of compressor* 
- O&M 
- Cost of energy 
- Cost of labour 
- Cost of land 
- Hydrogen flow rate 
- Inlet and outlet 
pressures 
- Equipment lifetime 
- Discount rate 
- Taxes 
- Distance transported 
- Labour required 
- Footprint 
Hydrogen Dispensing - Capital cost of dispenser* 
- Capital cost of pump& 
Vaporiser/liquefier/compressor* 
- O&M 
- Cost of energy 
- Cost of labour 
- Cost of land 
- Energy requirement - Equipment lifetime 
- Discount rate 
- Taxes 
- No. of bays 
- Labour required 
- State of hydrogen 
- Foot print 
* These are related to type of technology/type and/or size of equipment. 
** This depends on the dimensions of the pipeline (diameter and length), and terrain. 
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3.3 Choice of Hydrogen Infrastructure Technologies 
A hydrogen infrastructure is made up of two types of refueUing stations, those which have 
the production process at the refuelling site {on-site), and those which do not (off-site), i.e. 
the hydrogen is produced at a different site and transported to the refuelling station. The 
production and refuelling sites both require hydrogen storage, and depending on the state of 
the hydrogen required, compressors and/or liquefiers as well. All refuelling stations require 
special dispensers for either liquid or compressed hydrogen. In addition, in cases where 
there are separate production and refuelling sites, equipment is required to transport the 
hydrogen from one to the other. 
There are therefore several processes that make up a hydrogen infrastructure. They fall into 
the following six categories: production, storage, compression, liquefaction, transportation 
and dispensing. 
For each of these processes there are a number of different types of equipment or 
technologies, some of which are commercially available. As the aim of this thesis is to look 
at the development of an initial hydrogen infrastructure in the near future, the technologies 
chosen for the modelling analysis are those which are already commercialised. Some newly 
commercialised technologies or on the verge of commercialisation have also been 
considered in the time-related analysis, where the effect of their emergence on the market is 
examined (see section 5.2, chapter 5 and section 8.2.1, chapter 8). 
In order to select the technologies for analysis in this thesis, much information on the 
available technologies and their sate of development was obtained from both literature and 
industry experts. This information is summarised in table 3.3a. In the latter table the 
technologies that are commercially available (for each process) are indicated, those close to 
commercialisation and those at the advanced stages of development are also listed. In the 
'comments' column it is stated which of the commercially available technologies have been 
included in the modeUing analysis and why. 
The technologies that have been included in the modelling analysis are discussed further in 
the appropriate sections in chapter 4. In addition some of the technologies that are close to 
commercialisation or have recently entered the market are discussed in chapter 5, 
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Table 3.3a: Hydrogen Infrastructure Technologies: Stage of Development 





Commercially available: Steam methane reforming 
(SMR), Partial oxidation (POX), Coal gasification, 
Steam reforming of methanol. 
Pilot plant stage: MSW and biomass gasification. 
(Ogden 1999), 
(Thomas, James et al. 
1997), (Larson and 
Katofsky 1992), 
(Lomas 2005) 
Out of the commercially available technologies only SMR 
was included in the modelling analysis as this was found to be 





Commercially available: Alkaline and Proton 
Exchange membrane (PEM) electrolysis 
Development stage: Solid oxide (SO) electrolysis 
(Ivy 2004), (Hinatsu 
2004), (Szymanski 
2005) 
Both alkaline and PEM electrolysis were included in the 
modelling analysis as it was not clear from available data 
which was the least costly technology. 
SO electrolysers have been included in the time-related 
analysis (see chapter 8, section 8.2.1) 
Hydrogen 
Storage 
Commercially available: Underground storage in e.g. 
aquifers, as CHo in cylinders, as LH2 in tanks or dewars 
Development stage: storage as a chemical or metal 
hydride*, storage in carbon-based materials (e.g. 
carbon nanotubes) 
(Stone, Veldhuis et 
al. 2005), (Ebeiie, 
Arnold et al. 2006), 
(Chalk and Miller 
2006) 
Only storage as CH2 in cylinders and as LH2 in tanks was 
included in the modelling analysis. Under ground storage was 
not included as this is not suitable for relatively small 
amounts of hydrogen and further more underground sites for 




Commercially available: Reciprocating compressors, 
Diaphragm compressors 
(Savidge 2004 and 
2005), (Traeger 
2005) 
Diaphragm compressors were not included in the modelling 





1) Liquefiers with helium refrigeration and Joule 
Thompson valve (0.25-1.6 t/d) 
2) Liquefiers with H2 Claude process and liquid 
nitrogen pre-cooling (>1.68 t/d) 
Development stage: Liquefiers with lower energy 
consumptions such as active magnetic regenerative 
(AMR) hydrogen liquefiers. 
Linde Kryotechnik 
AG website, 
(Evans West 2003), 
(Stromberger 2003), 
(Zhang, Sherif et al. 
2000) 
It was not possible to obtain cost data on liquefiers directly 
from the manufacturers, but it is likely that the costs used in 
the modelling analysis (obtained from literature) are those of 
both of the commercially available technologies listed. 
Hydrogen 
Transportation 
Commercially available**: CHi by road (on-board 
tube trailers), LH? by road (on-board tankers), CH2 by 
pipeline 





et al. 1992), (Berry, 
Campos et al. 1994) 
All three commercially available transportation options were 
included in the modelling analysis as it was found from the 
data obtained that any one of them could be a least cost option 
depending on the flow rate of hydrogen and distance to be 
transported. 
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Table 3.3a continued. 
Process Stage of Development of Technologies Source of Data Comments 
Hydrogen 
Dispensing 
Commercially available: CH2 dispensers, LH2 
dispensers 
Development stage: both CH2 and LH2 dispensers with 
higher levels of automation. 
(Traeger 2005), 
(Thomas, James et al. 
1997), (Roach 2005) 
Both types of commercially available dispensers were 
included in the modelling analysis, as they were required for 
the various production-delivery pathways analysed. 
Some simple metal hydrides have been commercialised but have two key disadvantages compared to more established forms of hydrogen storage: their low 
gravimetric energy density and their slow absorption/desorbtion speeds, i.e. slow release and take-up of hydrogen (Eberle, Arnold et al. 2006). 
The transportation of hydrogen by rail and over water in tankers are also possible and are used commercially, but of course these are not possible options within a 
city such as London for an initially small hydrogen infrastructure. 
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section 5.2.2, with respect to their impact on the future costs of the relevant hydrogen 
processes. 
3.4 Modelling Approach 
The models are made up of three essential elements: the inputs, the outputs and the 
calculation functions. The outputs of the models for this thesis are the unit cost of hydrogen 
(for a particular production-delivery pathway), and in some cases the annual cost of the 
hydrogen infrastructure. The inputs are much more extensive, made up of financial, logistic 
and technical parameters. The financial input parameters include capital costs (in most 
cases given in the form of an equation, related to the capacity), O&M costs, discount rate, 
hfetime of equipment and so on. The logistic inputs include flow rate, distance for 
transportation etc., and the technical input data include efficiency of processes, pressure of 
hydrogen and many others. 
In chapter 4, all the input parameters related to each of the technologies are listed in tables 
4.2a to 4.21. These tables give the baseline values used in the models as well the range of 
values obtained from the various sources. In addition the assumed percentage for 'other' 
costs (engineering, site development, etc.) are given in table 4.2m. Other input parameters 
such as storage days, and pressure of storage, etc. are given in chapter 4, section 4.3 and 
appendix 4(b). 
The calculation functions are the processes by which the input parameters are used in 
various equations to derive values which are eventually used to calculate the ultimate 
output of the model. 
The first step towards constructing the models was to map out each model's structure by 
drawing a flow chart. The flow chart, as shown in figure 3.4a, effectively illustrates the 
relationship between the three elements of the model (as described above). The structure 
illustrated in figure 3.4a can derive the cost of a number of production/delivery pathways 
(provided the technology and cost information are given), but does not take into account 
any time-related factors, such as existing infrastructure, and evolution of technology over 
time. 
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The flowchart starts with the source of hydrogen, and ends with dispensing methods. The 
white diamond boxes indicate the main input data required to calculate the cost of each of 
the processes. The hexagonal boxes and yellow diamond question boxes indicate the 
choices or decision points along the production/delivery pathway (as described in the key). 
The yellow diamond boxes indicate that there is a choice of methods or technologies for a 
certain process; these are followed by rectangular boxes which represent some of these 
methods/technologies. 
The hexagonal boxes appear where there is a choice in following one of two different 
pathways. Overall six different logistic pathways can be followed from hydrogen source to 
dispensing, as shown in figure 3.4b. Logistic pathways are non-method/technology 
specific. Essentially they occur because of choices regarding storage, and on-site or off-site 
refuelling. Pathway 1 for example, relates to separate production and refuelling sites, with 
storage on the production site, while pathway 3 relates to on-site refuelling with storage. 
The choice of storage will depend on supply and demand profiles, and economic criteria 
(see chapter 6, section 6.4 on storage), and the choice of on-site and off-site refuelling will 
depend on size of facility, location and economic factors. 
The on-site and off-site models were constructed with structures based on that illustrated by 
the flow chart in figure 3.4b.. The structures were further refined following consultation 
from industry experts, and through test-running the model several times. A detailed 
description of the models and their functionality is given in chapter 4, section 4.1 The 
addition of the time-related functionalities is described in chapter 5. 
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Figure 3.4a: Hydrogen Production-Delivery Pathway Flowchart 
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3.5 Modelling tools 
A number of software applications and tools were considered and reviewed for the 
modeUing task. These included Excel, System Dynamics and Matlab. In the end the 
decision to use Excel was made for three main reasons: 
the suitability of Excel workbooks for the calculations and modelling task 
required, 
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the writer's previous knowledge and experience with Excel (although not 
modelUng experience), 
and the limited additional benefits anticipated from using the other two 
modelling platforms instead of Excel. 
In the relatively limited time available, it would have been challenging to learn how to use 
the other programmes. More importantly, the possible added benefits of using these other 
tools (over Excel) for the relatively straightforward task specified were thought to be very 
limited. 
3.6 Cost Calculations 
Each of the hydrogen production-delivery pathways analysed consists of a number of 
processes, e.g. production, storage, compression, and dispensing. In order to be able to 
model the costs of these processes, it was necessary to know what costs had to be included 
and how these different costs could be related to the required capacity of the equipment. 
Much data regarding what components made up the unit cost of hydrogen were obtained 
through the critical literature review. A number of publications also included useful 
information concerning methods for calculating various costs and the logic behind 
assumptions made in these calculations (see chapter 2 section 2.3). The useful relationships 
obtained from publications that have been used in the models include: 
o methods used for the discounting of capital costs of equipment over their 
lifetime; 
o relationships between pipeline diameter, flow rate of hydrogen through the 
pipeline, and inlet and outlet pressures; 
o calculation of compressor power. 
As well as these equations, methods for calculating O&M costs, feedstock costs, and land 
costs were found. These were more or less the same in a number of publications. The 
sections below describe a number of the above-mentioned equations and relationships, 
which have been used in the models. 
Industry experts were also consulted on the constituents of unit costs of hydrogen, as well 
as the methods of calculation. The unit cost of each of the hydrogen infrastructure 
processes is made up of the following constituents: 
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• Capital cost 
• Running costs; O&M cost, feedstock cost, cost of labour 
• Cost of land 
• Installation and shipping cost 
In addition to all these costs for the various processes, there are project costs (e.g. design, 
engineering and planning), and contingency costs that have to be included. Methods of 
calculating all of these cost components are discussed in the sub-sections that follow. 
3.6.1 Capital Cost Calculations 
All capital costs are annualised by being discounted over the hfetime of each piece of 
equipment; this is done by multiplying the capital cost by the capital recovery factor (CRF), 
represented by the expression: 
( ^ n p _ d { \ + d ) / 
/ [ ( l + 6 / ) " - l ] 
Where d is the discount rate, and n is the lifetime of the equipment. This method of 
annualising capital cost is commonly used for calculating the net present value (NPV) of a 
piece of equipment (or in this case series of equipment) (Brealey, Myers et al. 2003) and it 
is then easy to translate this to the unit cost of the product produced (in this case hydrogen), 
by dividing it by the rate of production. A number of the publications reviewed on 
hydrogen infrastructure costs used this method to calculate the unit cost of hydrogen 
((Berry 1996), (Chen 1995), (Mann, Spath et al. 1998), (Ogden, Dennis et al. 1995), etc.). 
The discounting of the capital costs has been assumed to start at the point of 
commissioning. Any extra costs incurred over the construction period (such as installation 
costs, engineering and planning etc.) have been added to the overall costs and are referred 
to as additional costs (see chapter 4, section 4.2.7). Costs associated with the construction 
period have therefore been accounted for, and furthermore they have been related to the 
capacity or size of the infrastructure, as most of the 'additional' costs are proportional to the 
capital costs of the equipment, and generally the larger infrastructures which will normally 
have the longer construction period, have higher capital costs. 
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In the case of most pieces of equipment included in the models, the unit capital cost 
decreases with the increasing capacity of that equipment, i.e. there are some economies of 
scale. The relationship for such equipment typically takes the following form: 
CC = ax (Capacity)''' 
Where a and b are constants, CC is the unit capital cost in £m/t/d, and Capacity is in t/d. 
The equipment with such relationships for their capital costs include liquefiers, steam 
methane reformers, electrolysers, and liquid Hi storage tanks. For other pieces of 
equipment, including pumps, vaporisers, dispensers, LH2 tankers, and CH2 tube trailers a 
fixed capital cost for each unit has been used. CH2 storage cylinders do not lie in either of 
these categories. Their capital costs vary with capacity and with pressure of H2. However, 
because these relationships are disordered and cannot be expressed as a single simple 
equation, costs for a number of different storage cylinders, with varying pressures and 
single capacities were obtained (both from industry and literature), and in each case the 
models pick the least cost cylinders with the appropriate operating pressure from the given 
list. As the choice is cost-based, the cylinder pressures may be higher than required, e.g. for 
a pressure requirement of 29 MPa the chosen cylinder could have a pressure of 35 MPa (see 
section 4.2.2, chapter 4). 
The capital cost of pipelines (also referred to as installation cost) is also a special case, 
since it depends on several different parameters. An equation that relates the unit cost of 
pipelines to their diameter and length has been used. This relationship has been derived 
from the costs of a large number of natural gas pipelines, and then adjusted for H2 
pipelines: 
CC = {0.574 X D ' ) + (7.48 X d ) + (161.7 / L) (Parker 2004) 
Where CC is unit capital cost ($/m), D is the pipeline diameter (inches), and L is the 
length of the pipeline (m). A further cost per unit length of pipeline has also been added -
this includes costs specific to London, as well as general ones for large cities (see section 
4.2.5.3, chapter 4). 
100 
3.6.2 Choice of Baseline Discount Rate 
The choice of discount rate is important as the unit cost of hydrogen is very sensitive to it 
(see section 9.1, chapter 9). The baseline value chosen in this thesis is 12%; this is pardy 
because the majority of the publications reviewed in this thesis use this discount rate, or one 
close to it (values ranged from 10 to 14%). 
The discount rates used in every sector of industry vary, as they reflect the level of risk 
involved in investing in that sector. It is important therefore that the discount rate used here 
is broadly the same as those normally used in the energy or transport sectors. 
The discount rate is related to the required rate of return on investment expected in an 
industry (Brealey, Myers et al. 2003), i.e. the minimum return that the organisation will 
consider in accepting investment opportunities (sometimes also known as the 'hurdle rate'). 
Typically the hurdle rate is the discount rate to be applied to cash flows anticipated from a 
project. As there is effectively no commercially running refuelling infrastructure for 
hydrogen in existence today, similar markets/industries have to be used to estimate the 
likely required rate of return. The current market for refuelling infrastructure (for petrol and 
diesel) would not be an appropriate model, as the technology is well established and risks 
are relatively low. A better analogy might be with new nuclear generators. Like hydrogen 
infrastructure, although the technology is available, nuclear generators are seen as a risky 
investment. This is due to a number of factors including past financial difficulties, issues 
related to first-of-its-kind design, waste disposal and public perceptions. 
A report by Oxera which analyses the costs of building new nuclear generators (Oxera 
2005), estimates the range of the nominal rate of return for the first reactor to be built in the 
UK, in the near future (2011 to 2015), to be 8-11 %. For the next phase of reactors Oxera 
suggest that this 'internal rate of return' (IRR- the discount rate at which the net present 
value of the stream of costs and returns on an investment is zero) could go up to 10.6-
13.6%, and eventually by 2024 to more than 15%. 
Although hydrogen and its related infrastructure do share some of the risk elements 
associated with new nuclear generators, they do have some additional positive credentials. 
Above all, they do not have the issue of nuclear waste disposal. There is more experience, 
to date, with using nuclear power for energy generation, however. On balance, therefore, a 
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probable range of discount rates for hydrogen infrastructure could be 10-14%, similar to 
that of new nuclear. As mentioned above, the baseline value selected for the analyses in this 
thesis is 12%, which is the mid point of this range. 
It was decided that private sector discount rates should be considered rather than public 
sector discount rates (which are much lower) as there is no evidence as yet of any solely 
government backed investment into a hydrogen infrastructure. 
3.6.3 Baseline Value of Load Factor 
The load factor is the fraction resulting from dividing the flow rate of hydrogen through a 
system (or the demand for hydrogen), by the total capacity of the infrastructure. The load 
factor is usually given as a percentage, and is always less than 100%. This is because 
excess capacity, for any power generating system, is normally required to deal with any 
peaks in demand. Most demand profiles (for e.g. electricity, or transport fuels) have 
seasonal and daily fluctuations. The type of demand assumed for the analyses in this thesis 
is from buses or fleet vehicles, which are relatively predictable in their pattern of fuel use. 
However, even for these vehicles demand is expected to fluctuate (Joffe, Hart et al. 2003). 
In the analyses in this thesis, the baseline value used for the load factor is 70%. This is 
expected to be low enough, together with the assumed storage capacities, to be able to deal 
with any fluctuations in demand. In addition, most of the reports analysed in the literature 
review used baseline load factors of between 65% and 70% for their analyses (see section 
2.3.2, chapter 2). 
As shown in the sensitivity analysis (chapter 9), varying the load factor has a significant 
effect on the unit cost of hydrogen. This is to be expected, as the load factor directly affects 
the capacity of the equipment, and hence the capital costs. The effects of variations in load 
factor and parameters related to it (such as the commissioning interval- see section 5.1.3.1, 
chapter 5) have been investigated in the analyses in chapters 7 and 8. 
3.6.4 Treatment of Land Costs 
Unlike equipment, the value of land does not depreciate over the lifetime of the land. In fact 
land can usually be sold at a higher or the same value as it was bought once the site is no 
longer used (the price of land can also go down, but this seems unlikely in London due to 
102 
the high d e m a n d F o r these reasons, many project evaluations do not take land costs into 
consideration. However, in a city like London, where land is very scarce and has a differing 
(central compared to outer London) and high cost, it would not be realistic for the cost of 
hydrogen not to reflect these costs. 
Land costs are therefore discounted in the same way as equipment capital costs, but lifetime 
is set at infinity. This yields the following equation: 
Cost of land - (footprint + footprint contingency)* d * (Price of land) 
Where d is the discount rate. The purpose of footprint contingency is to account for any 
land that is not taken up by any equipment, or for any specific purpose, but may be required 
for practical reasons, e.g. gaining access to road, or allowing for the odd-shape of the site. 
The baseline value for this contingency is assumed to be 20%. 
It is also assumed that hydrogen refuelling sites, or on-site production/refuelling sites are 
situated in more central regions of London than for the large off-site production sites. Two 
different costs are therefore used in the model. The baseline land value for refuelling sites 
and on-site production is £400/m^ while for off-site production sites it is £200/m^. These 
values were based on current land prices in central and outer London. They are based on 
the range of industrial land prices for London given on a government-related website'^. 
3.6.5 Other Cost Calculations 
Running costs are made up of operation and maintenance costs (O&M), feedstock and 
labour costs. In the case of most pieces of equipment included in the model, and consistent 
with the practice followed in the key reports reviewed in chapter 2, O&M costs are 
calculated as a percentage of the capital costs. For some pieces of equipment O&M costs 
(as a percentage of capital costs) also vary a little with capacity. However, the data gathered 
from various sources was not sufficient in most cases to derive an equation relating O&M 
costs to capacity (these data were only found for hquefiers). The uncertainty analysis 
For example, in the five years between 2002 and 2007, residential property prices in London never fell on 
an annual average basis (www.landregistrY.gov.uk/assets/Iibrarv/documents/hpir0707.pdf. accessed 31/7/07). 
www.voa.eov.uk/publications/propertv market reDort/pmr-iul-OS/industrial land.odf, accessed on 
15/7/05. 
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(chapter 9) showed, however, that hkely variations in O&M costs have an insignificant 
effect on the unit cost of hydrogen. 
Feedstock costs for most pieces of equipment consist of energy costs. These include 
electricity, natural gas and diesel. In addition, for all the hydrogen production processes 
water is also used. Cooling water is also required for SMR and LH? storage. To calculate 
the cost of the feedstock, the amount used is simply multiplied by the unit price; in the case 
of cooling water, it is also multiplied by the unit cost of cooling (for baseline values used 
see table IVj in appendix 4(b)). 
Labour costs are only applicable in the case of hydrogen production and hydrogen 
dispensing as these are the only processes which were found to require supervision/manned 
operation. In addition hydrogen transportation vehicles require a driver. All these personnel 
have different expertise and so different rates of hourly pay have been assumed. The 
baseline values used for these rates are shown in tables IVa to IVh where relevant in 
appendix 4(b). 
Like O&M costs, both installation and shipping costs were obtained (mainly from industry 
sources) as percentages of the capital costs of equipment. In cases where these were not 
available, percentages for installation and shipment costs for similar equipment were used 
in the models. Other costs, related to the infrastructure construction, site development, and 
commissioning, such as engineering, design, planning, etc. are also calculated as 
percentages of the capital costs. Assumptions regarding these costs and contingency 
allowances are discussed in section 4.2.7, chapter 4. 
3.6.6 Choice of Values for Logistic Parameters 
Logistic parameters include the flow rate or output of hydrogen at refuelling stations and 
hydrogen production sites and the distance and position of the refuelling sites with respect 
to the production site. Other logistic factors such as the number of refuelling stations are 
related to the size of the refuelling stations and the total demand for hydrogen. Both in the 
literature reviewed and in the analyses in this thesis, these parameters have been found to 
have a significant effect on the cost of hydrogen, therefore the choice of values for these is 
very important. 
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The level and range of logistic parameters chosen for the analyses in this thesis (as 
discussed in chapters 7 and 8) have been based on what would be the likely values for an 
initial hydrogen infrastructure for buses in London. The level of refuelling station flow 
rates used start as low as 0.1 t/d, which correspond to 4 to 5 hydrogen buses. The maximum 
flow rate at a refuelling station used in the analyses is 3.2 t/d, large enough to supply a bus 
depot with around 160 buses. These values are considered to be a suitable range for bus 
depots in London which can house between 9 to 237 buses (Joffe, Hart et al. 2003). 
Similarly with regard to the distance between the refuelling stations and the hydrogen 
production site (for off-site refuelling stations) likely distances in London have been taken 
into consideration. The analyses consider a wide range of distances, from 5 to 40 km, in 
order to investigate the effect of variations in this parameter on the cost of hydrogen. In 
addition, as well as the distance between the refuelling and production sites, their relative 
positioning, and its effect on the hydrogen pipeline structure have been investigated (see 
section 6.4.2, chapter 6, and section 7.2.1.2, chapter 7) and found to have a significant 
effect on the cost of hydrogen. 
3.7 Limitations and Uncertainties Associated with the Modelling 
The limitations of the modelling methodology fall into two categories. One is the 
limitations of the scope of the model, with regard to, for example, including certain 
technologies or aspects of technologies, and the other is the limitations of the model which 
could lead to inaccuracies in the output (i.e. unit cost of hydrogen). 
The first type of limitation, which concerns the type of technologies, or aspects of 
technologies included in the analyses, has been addressed to some extent in section 3.3 
above. Section 3.3 discusses why certain technologies have been included and why others 
were not. The main reason why some technologies were not included is that they had not 
reached commercialisation, or sufficient reliable cost data were not available for them. 
Some technologies and processes, or aspects of them were not modelled due to the 
constraints of the thesis. For example, the possibility of selling excess steam produced from 
the SMR processes was not investigated, as this factor depends on local requirements and 
so is hard to examine generically. These aspects of the costs of a hydrogen infrastructure 
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should be explored in future work in this area. Section 10.7 in chapter 10 discusses such 
aspects in more detail. 
The subsections which follow discuss the second category of hmitations, i.e. those which 
could affect the accuracy of the unit cost of hydrogen derived. 
3.7.1 Uncertainties in Data Used 
As described in chapter 2, the sources of data used in the models constructed are a 
combination of publications and first hand data from industry experts. Although effort was 
made to obtain as much as possible from industry experts (as this would be more up-to-date 
and authoritative), for some types of equipment (such as liquefiers) the industry was not 
willing to part with commercial information. In such cases data from publications had to be 
used; as far as possible the most recently available data were used. While the majority 
(approximately 70%) of the data come from industry sources, the rest of the data is from 
publications or is estimated, based on other similar equipment. 
The sources of information, and why they were used, are set out in chapter 4. It was found 
that, not surprisingly, even the data from industry experts varied from source to source. A 
range of values resulted in most cases, and from these a baseline value has been chosen (see 
section 4.2, chapter 4). In each case, the baseline value used is not necessarily the middle of 
the range value; the sources of data, their relative dates, and the frequency of the 
information (i.e. how many times similar data are given by different sources) are also taken 
into account. . The range of values obtained, therefore, has a great influence over the 
baseline value. This range ultimately was influenced by the time available for contacting 
the industry sources, and the responsiveness of these sources. 
A large number of the sources (both industry and pubhcations) were U.S. based. This is 
because a greater number of hydrogen infrastructure companies were American. In addition 
the majority of the publications (particularly those in English) are by authors and 
organisations based in the U.S. The costs from these sources had to be converted to pounds 
sterling, using a conversion factor of 1.6^° (£1=$1.6). A small number of reports contained 
This is an average conversion value for the period of cost and modelling analysis for this thesis (2001 to 
2006). The inaccuracy introduced by using this conversion value rather than the actual conversion rate for the 
year the respective reports were written is minimal as the currency fluctuations between 1997 and 2002 did 
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prices in Euros: the conversion factor used in this case was 1.4 (£1=1.4 Euros)^°. In 
addition all capital costs used in the thesis have been converted to the equivalent monetary 
values in 2004, using producer price indices (PPI), in order to eliminate changes due to 
inflation; either U.S. or EU PPI have been used, as appropriate (see table V.a in appendix 
5). 
Inaccuracies in the data used in the models could therefore arise from the following areas: 
• Data which were not up-to-date 
• The ranges of values obtained for the data 
• Conversion of all costs to 2004 pounds sterling 
The effect of variation in all the parameters included in the models on the output of the 
models is analysed and discussed in the sensitivity analysis in chapter 9. In the same 
chapter, an attempt has been made to estimate the level of uncertainty (due to possible 
variability in the input data) in the model outputs and hence in the analysis results. 
3.7.2 Decommissioning Costs and Salvage Values 
In the time-related analysis, the annual unit cost of hydrogen is calculated over the period 
of analysis. In order to do this, an assumption has to be made regarding the lifetime of the 
whole of the hydrogen production and refuelling infrastructure, commissioned at a 
particular point in time. At the end of this lifetime, the infrastructure would be 
decommissioned, and new capacity would be built to take its place. 
The lifetime of the infrastructure (which includes all the infrastructure equipment, including 
the transport vehicles) is assumed to be 15 years (see section 5.1.3, chapter 5). This value is 
based on the average (baseline) lifetime for the most costly equipment, namely the 
production technologies (in this case SMR and alkaline electrolysis) and the liquefier. The 
baseline lifetime value for these, range between 13.5 and 20 years. All other equipment 
making up the hydrogen infrastructure, such as storage vessels, compressors, and 
transportation vehicles, have the same or longer lifetimes, with baseline values in the order 
of 15 to 40 years (see section 4.2, chapter 4). 
not exceed 10% above/below the conversion values used fhttp://www.x-rates.com/cgi-bin/hlookup.cgi. 
accessed 20/8/07). 
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With an assumed baseline value of 15 years for the infrastructure lifetime, it is therefore 
likely that at the end of its lifetime the equipment will have a salvage value. Assuming that 
the salvage value is attributable to equipment other than hydrogen production and 
liquefaction (and pipelines are not included as these would probably not be re-sold) and that 
these equipment have dropped in value by between 50 to 90%, as they have been used for 
15 years, a rough estimation of the salvage value would be somewhere between 2 to 20% of 
total capital costs. 
On decommissioning any type of plant or infrastructure, some costs are incurred. Clearly 
the level of this cost depends on what type of plant is being decommissioned. For example 
the cost of decommissioning a nuclear power station is much higher than that of a gas fired 
power plant. The decommissioning costs for hydrogen infrastructure have not been 
investigated here, but one literature source estimates this cost to be in the region of 10% of 
capital costs (Weinert 2005). 
In this thesis, neither the salvage value of the equipment, nor the decommissioning costs 
have been included in the cost analyses. It has been assumed that they are approximately 
cancelled out by each other. This assumption has introduced a degree of uncertainty into 
the analysis results, the extent of which is not known and ideally should be investigated 
further (see chapter 10, section 10.7). 
3.7.3 Compressed hydrogen storage cylinder costs 
The equipment and processes modelled in this thesis fall into two main categories: 
1) those for which capital costs vary with capacity or power output (e.g. 
SMRs); 
2) those with constant per unit capital costs (e.g. dispensers). 
Compressed hydrogen storage cylinders do not fall into either of the above categories. They 
are similar to the equipment in the first category, but their costs not only vary with capacity, 
but also with their operating storage pressure. In addition the material from which they are 
made affects their cost (i.e. steel or aluminium composite). As discussed in chapter 4, 
section 4.2, the relationship between size and capital cost, as well as pressure and capital 
cost is not simple, as the cost is dependent on both. 
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Given the time available and knowledge at hand, equations relating the capital costs of 
storage cylinders to their operating pressure and/or size could not be derived, so a different 
method of least-cost-selection has been used in the models. As noted a list of compressed 
hydrogen storage cylinders was put into the model, including their respective sizes (in kg of 
hydrogen), operating pressures and capital costs. Every time storage cylinders have to be 
chosen, for a particular level of storage (in kg of hydrogen) and pressure, the number of 
each type of cylinder is derived, and from this and the cost of each cylinder, the total cost of 
storage is obtained. Out of the cylinders with the appropriate operating pressures, the ones 
with the lowest total cost are chosen. 
The list of cylinders (and their costs) compiled was bounded by the time available, the 
response of the industry experts contacted and the available literature. Altogether costs for 
40 different CH? storage cylinders were obtained (not all were included in the model, as 
specifications and costs were very similar in some cases), so the list was extensive but not 
exhaustive. 
In the absence of equations for modelling the costs of CH? cylinders, the use of a limited 
list of cylinder costs is likely to be a source of uncertainty for the model outputs. Further 
investigation and data collection with regard to CH, cylinders is therefore desirable (see 
chapter 10, section 10.7). 
3.7.4 Pipeline Installation Costs 
The derivation and assumptions regarding pipeline installation costs are discussed in detail 
in section 4.2.5.3, chapter 4. As mentioned in that section, the costs are made up of material 
cost, cost of labour and planning costs. In addition in a large city such as London there are 
other associated costs incurred as a result of e.g. traffic management and restrictions 
applied by the council. Here it has been assumed that in addition to the material, labour and 
planning costs, there is a fixed cost of £230/m for installing a pipeline in London (see 
section 4.2.5.3, chapter 4). 
It can be seen from figure 4.2o in chapter 4, that for pipelines with diameters smaller than 5 
inches, the unit cost ($/m) does not vary much with diameter, and is around $200/m 
(£125/m). For the flow rates and distances considered in this thesis, the diameter does not 
exceed 5 inches. This means that the additional fixed cost (of £230/m) would make up 
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about two thirds of the total unit cost of the pipeline. Not surprisingly, the sensitivity 
analysis in chapter 9 shows, that the unit costs of hydrogen, for pathways including pipeline 
transportation, are very sensitive to the fixed installation cost. 
The information on which the derivation of the fixed installation costs is based is, although 
relatively reliable, not specifically for hydrogen pipeline installation for London. As there is 
no history of such an installation in London (or any similar city), other data had to be used. 
The two main sources were a report by Joan Ogden (Ogden 1999), which gives additional 
fixed costs for cities (as opposed to rural areas) in general, and the other is from a company 
which has in recent years (starting in 2001) laid down pipes in London. 
There is evidently room for improvement in the estimation of the fixed cost for hydrogen 
pipeline installation. Although these costs would be similar to those for any kind of 
pipeline, there may be other issues related specifically to hydrogen, for example safety 
issues. As mentioned above, fixed costs are an important element of the overall unit cost of 
pipeline installation, therefore further research would improve the accuracy of the relevant 
cost calculations (see chapter 10, section 10.7). 
3.7.5 Generalisations Regarding Site-specific Parameters 
To estimate costs accurately, a number of factors, such as quantity of storage required and 
type of dispensing regime should be assessed specifically for every station, as they depend 
on the demand schedules and frequency of refuelling etc. In the case of off-site refuelling 
stations where the hydrogen is delivered by pipeline, the structure of the pipeline is also 
dependant on the particular location and size of the site in question. 
To be able to model the costs of a hydrogen infrastructure, within the time and resource 
constraints of this project, a number of very general assumptions have had to be made, in 
particular with regard to dispensing methods, quantities of storage required and the 
structure of the pipelines. Without making the latter general assumptions (some of which 
have been described in sections 4.3.2 and 4.3.3 of chapter 4), the model would have 
become far too complicated and in some cases unnecessarily so (i.e. would not produce a 
more accurate output). Certain generahsations, however, are likely to lead to inaccuracies 
in the results and conclusions drawn (in particular those related to pipeline structure - see 
chapter 8, section 8.3.3). It must be noted that as far as possible, wherever there was doubt, 
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the assumptions made have been on the conservative side, so that costs are not 
underestimated. 
3.8 Treatment of Uncertainty 
The uncertainty analysis, which has been described in detail in chapter 9, section 9.2, 
attempts to estimate the possible variations in the analysis results given in chapter 7 of this 
thesis.^' Once these variations were estimated, error bars were derived for every point on a 
graph where two or more pathways are compared. The extent to which the error bars touch 
or cross affects the conclusions drawn from chapter 7, and also has similar implications for 
the results and conclusions discussed in chapter 8. The uncertainty analysis is particularly 
important as far as threshold values are concerned, i.e. the flow rates and/or distances above 
or below which one pathway becomes less costly than another. 
There is some uncertainty associated with this method of error bar estimation itself, 
however. Only a limited range of values could be obtained for each of the input parameters 
used in the modelling, and upper and lower values had to be based on this incomplete 
information. In the case of some parameters even fewer data were available and the upper 
and lower values had to be based on information on other similar or related parameters (see 
appendix 4(b)). 
As described in chapter 9, section 9.2.2.1, in order to estimate the possible variability (both 
positive and negative) of the unit cost of hydrogen at each point, the unit cost is derived for 
all the values of input parameters which increase it (to obtain an upper value), and for all 
the values of the input parameters which lower it (to obtain a lower value). (Only values for 
input parameters which are different for the pathways being compared, are changed). 
To derive error bars based on these upper and lower values for the unit cost would, 
however, be a serious over-estimation of the true uncertainties, for two reasons. Firstly, the 
probability of each of the input parameters being at their upper or lower values is quite low, 
and secondly, the probability of all the input parameters being considered to be at their 
upper or lower values simultaneously is also very low. Therefore the probability of the unit 
costs being at the upper or lower values in each case is extremely low- close to zero in fact 
Although the aim of the uncertainty analysis was to estimate variations in the results given in chapter 8 as 
well, the methodology being used was found to be unsuitable for this task, see section 9.2.3.4, chapter 9. 
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(see section 9.2.2.1, chapter 9). As no data were available on the probabilities of the various 
values for the parameters, the latter has not been taken into consideration, meaning that the 
length of the error bars is over-estimated. In order to compensate for this over-estimation, 
only parameters with potentially high effects on the model outputs have been considered 
(see section 9.2.2.1). 
Despite the relatively crude nature of the uncertainty analysis in this thesis, it is a sufficient 
means by which to illustrate the susceptibility of some conclusions reached (from the 
analyses in chapters 7 and 8) to the combined effects of the variations in the relevant 
parameters. Conversely, it shows the robustness of some other conclusions to such 
variability. 
3.9 Concluding Remarks 
This chapter, which is the first of the three methodology chapters, briefly describes the aims 
and objectives behind the methodology, and all the main tasks undertaken. It also focuses 
on some key aspects of the methodology that have not been covered elsewhere. These 
include the reasons behind the choices made about the hydrogen infrastructure technologies 
included in the modelling analysis. This chapter has also addressed calculations and 
assumptions that are not specific to any technology or process, but affect all of them, such 
as capital cost calculations, treatment of land costs, and choice of baseline discount rate. 
An important component of this chapter is section 3.6, where the limitations of the 
modelling analysis are highlighted. These include not just the limitations due to the 
insufficiency or uncertainty in cost data, but also limitations due to the way the models 
have been constructed and the reasons behind any relevant assumptions made. 
The methodology behind estimating the uncertainty in the model outputs is also described 
and its weaknesses and strengths are highlighted. 
Although this chapter has described the modelling objectives and approach, and some of 
the key assumptions, it has not given detailed description of the construction of the models. 
This is done in the two methodology chapters that follow. Chapter 4 describes the static on-
site and off-site models and explains in detail how the different hydrogen 
processes/technologies were modelled. Chapter 5 describes the functions that had to be 
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added onto both the on-site and off-site models in order to allow for various time-related 
analyses. 
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Chapter 4; Construction of the Static Models 
4.0 Introduction 
This chapter describes the models used for the static, or non-time related analyses included 
in this thesis. 
A description of the structures of the models is given, as well as the methods and 
approaches used for the modelling of the various hydrogen infrastructure processes. The 
sources of information for the data, and why they were used, are stated as far as possible. 
Many companies did not want the data they gave attributed to them; in these cases the 
source is simply given as 'industry'. 
It must be noted that all capital costs used in the thesis have been converted to the 
equivalent monetary values in 2004, using producer price indices; either U.S., or EU ones 
have been used (see table V.a, appendix 5) depending on the currency. In addition all costs 
have been converted to Pounds Sterling: if the costs were originally in dollars, a conversion 
factor of 1.6^^ has been used (£1=$1.6), and if in Euros a conversion factor of 1.4^^ (£1=1.4 
Euros). 
This chapter is divided into three sections. Section 4.1 gives an overview of the structures 
of the models (on-site and off-site) in terms of how the related Excel workbook is set-up. 
Section 4.2, describes the modelling of the different hydrogen infrastructure processes. For 
each process a table is included which lists the parameters used for all the relevant cost 
calculations performed in the models. The last sub-section (section 4.2.7) deals with site-
specific costs, such as site development, safety analyses, planning, engineering and 
contingencies. Some of these costs are related to the output of a site, and some are fixed 
irrespective of size. 
In section 4.3 important features of the model which have not been covered elsewhere are 
described. These include various aspects of the model design and quantities/sizes relating to 
factors such as process losses (of H2), storage quantities, and different compression and 
storage options. 
These are average conversion values for the period during which the calculations in the thesis were 
performed (2001 to 2006). Also see foot note 20. 
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4.1 Structure of the Models 
Two main methods of hydrogen production/distribution are modelled, using two similar but 
separate models. The first model is that for an on-site hydrogen refuelling station, i.e. where 
both hydrogen production and refuelling take place, while the other models the costs of an 
off-site system. The latter consists of separate production and refuelling sites, between 
which hydrogen is transported via either road or pipeline. 
The decision to build two models was made in order to make the scenario analysis process 
more straightforward. As the on-site model is much simpler in structure compared to the 
off-site one, it would be simpler to run the on-site model separately than to run the off-site 
one in the on-site mode (i.e. setting transportation, and other related infrastructure costs to 
zero). 
Each model was constructed using an Excel work book. Both models consist of one main 
or core work sheet containing most of the variable input data. This is followed by a number 
of work sheets where the calculations of the different infrastructure components take place, 
e.g. steam methane reformer, compressor, storage tanks, etc. There is also a work sheet for 
land costs and one for 'other costs', which includes costs such as site development, 
planning, and contingencies. At the end of this series of work sheets there is a sheet that 
calculates the total unit costs for a particular infrastructure set up, by adding up costs 
calculated in the preceding work sheets. Other work sheets are included for the time-related 
modelling, such as those for the variable demand scenario analyses (these are discussed in 
chapter 5). The off-site model also includes a menu worksheet. 
In each model different production-delivery pathways can be chosen. These pathways 
depend on type of production technology (SMR, alkaline electrolysis or PEM electrolysis), 
method of hydrogen transportation (by road as compressed hydrogen (CHa), or liquid 
hydrogen (LHz) or CH2 by pipeline), and the state of the hydrogen to be dispensed. These 
choices are exercised by putting a '0' or ' 1' in the appropriate cells (on-site model), or 
choosing the preferred options in the menu work sheet (off-site model). Figure 4.1a 
illustrates the setting in the menu worksheet for a pathway which delivers hydrogen 
produced in gaseous form from a SMR, transported as liquid hydrogen by road and then 
dispensed as liquid hydrogen, in the off-site model. 
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4.1.1 The On-Site Model 
The on-site model is made up of nine work sheets. The first is the data work sheet. This 
contains all the input variables that are required to calculate the capital and running costs of 
the various pieces of equipment in an on-site refuelling station. There are three kinds of 
variables or parameters; financial (e.g. discount rate), technical (e.g. energy efficiencies), 
and logistical (e.g. distance between production and refuelling site). 
In the next five work sheets cost calculations for the different pieces of equipment required 
on the refuelling site are carried out (hydrogen production, compression/liquefaction, 
storage, and dispensing). The seventh work sheet addresses the calculation of land costs. 
The eighth worksheet consists of calculations related to 'other costs', which include 
permitting, site development, safety analyses, and contingencies. In the final work sheet the 
unit costs from previous work sheets are aggregated to produce the total unit cost for the 
on-site refuelling station specified. 
The data work sheet is divided into several sections, each of which consists of financial and 
technical data (as well as calculations and formulae) concerning the different pieces of 
equipment. There is also a section with other data, such as discount rate, energy and land 
prices etc. which are specific to the location (in this case London). Each section, in turn, 
consists of several columns representing various technologies or pathways which have 
different costs. For example, the hydrogen production section consists of three columns, 
each for a different production technology (SMR, alkaline electrolysis, and PEM 
electrolysis). 
In the case of the on-site model, the only logistic data are the flow rates in and out of each 
of the processes. These are indicated in the top rows of each process-related section. 
It is important to note that the model has been designed in order that the number of 
technologies or options for each process could be increased if required. For example. 
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Figure 4.1a: Menu Page of Off-site Model 
Hydrogen Production-Delivery Pathway Options 
A B C D E 
Refuelling stat ion criteria 
Demand at station (t/d) 1 1 1 1 1 
Distance from production site (km) 2 0 2 0 2 0 2 0 2 0 
No. of each station 1 3 2 3 1 






Hydrogen Transportat ion Options 
CH2 via pipeline 
CH2 by road 
LH2 by road 















A B C D E 
3 3 3 3 3 
I LH2 by road [ t - ] I LH2 by road • LH2 by road ( ^ | | LH2 by road [ f | LH2 by road 
A b C D IE 
4 4 4 4 4 
[-^ I None I None Q None None Q 
B C D E 
T 3 - f LH2 13- LH2 T3-[ LH2 LH2 T3 
117 
municipal solid waste gasification can be added to the hydrogen production technologies, 
alongside SMR, alkaline and PEM electrolysis. 
Work sheets nos. 2 to 6, which deal with costs of equipment, all have lay outs that aie 
similar to that shown in figure 4.1b. They all include the calculation of the capital cost and 
running costs of the equipment. The main differentiating factor between the content of 
these work sheets is the way in which the capital costs are derived. The latter depends on 
the factors which affect the capital costs of the various types of equipment. This is 
explained further in section 4.2. 
Figure 4.1b: Sample Cost Calculation Worksheet 
Production cost calculations 
SMR+PSA A! Elec. PEM Elec. 
Capital Cost of production equipment 
(£m) 2.37 0.00 0.00 
Capital Recovery Factor (CRF) 0.147 0.147 0.243 
Hydrogen production (t/y) 1619.26 0.00 0.00 
Capital Recovery (£/kg H2) 0.21 0.00 0.00 
O&M cost (£/kg H2) 0.102 0.00 0.00 
Cost of electricity used (£/kg H2) 0.048 0.00 0.00 
Cost of NG used (£/kg H2) 0.405 0.00 0.00 
Cost of Water used (£/kg H2) 0.00 0.00 0.00 
Cost of Labour 0.0222 0.00 0.00 
Total Cost of Hydrogen Production 
(E/kg) 0.80 0.00 0.00 
As explained in the previous section, a number of on-site production-delivery pathways can 
be chosen, depending on the hydrogen production technology, the state of the hydrogen 
required, and dispensing method. Altogether this gives 12 possible on-site pathways. Four 
of these pathways are shown in figure 4.1c (by the four different colours of arrows); as 
there are three different production technologies these add up to 12 different pathways. 
Figure 4.1c: Production-Delivery Pathways in On-site Model 
Production 
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C H g 
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CHg Buffer 
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Key; C — Compressor 
L — Liquefier 
CH2 — Compressed hydrogen 
LH2 — Liquefied hydrogen 
The four different colours of arrows represent the four possible production-delivery pathways. (Note: these 
are undecipherable if reading a black and white print-out.) 
4.1.2 The Off-Site Model 
The off-site model has several additional features compared to the on-site model. Most 
importantly it includes the hydrogen transport costs. There is a group of equipment located 
on the production site, and a group on the refuelling site, the transportation equipment and 
infrastructure is separate of course. 
The production site equipment includes the SMR, PEM or alkaline electrolyser, a 
compressor or liquefier, and compressed hydrogen storage tanks or liquid hydrogen storage 
tanks. The choice and specifications of these sets of equipment depend mainly on the 
method of transportation chosen. For example, for pipeline transportation compressed 
hydrogen at relatively low pressure would be required, while for road transportation of 
compressed hydrogen, a much higher pressure would be required. 
The refuelling site equipment consists of post-transportation compressor and/or liquefier, 
and storage tanks, as well as all equipment related to dispensing. 
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The off-site model has a data work sheet, similar to that in the on-site model. The 
following sheets, (work sheets 2 to 4) are concerned with cost calculations related to the 
equipment on the production site, mentioned above. Sheet 5 addresses transport cost 
calculations, and refuelling site equipment costs are calculated in sheets 6 through to 9. All 
calculation sheets have similar layouts to that shown in figure 4.1b (as in the on-site 
model), with a few additional features, depending on the type of equipment. 
Another important feature of the off-site model is that it can calculate costs for 5 different 
types of hydrogen delivery pathway simultaneously. These are represented as 5 different 
station types in the model; stations A, B, C, D, and E. Any number of these station types 
can be chosen for a particular analysis, e.g. there can be two of type A, and one of type B, 
and none of types C, D, and E. Station A can, for example, dispense compressed hydrogen 
delivered to it via a pipeline, while station B can dispense liquid hydrogen delivered to it by 
a liquid hydrogen tanker^^. One criterion that is fixed for all station types is the method of 
hydrogen production - all refuelling stations must share the same production site, and hence 
production technology. 
While the on-site model can analyse 12 different production-delivery pathways, the off-site 
model can look at 18. This is of course due to the different choices of transportation 
methods within the model. Figure 4.Id illustrates four of the different production-delivery 
pathways the off-site model can analyse for each of the three production options (shown by 
the four different colours of arrows). There are two additional pathways that the off-site 
model can analyse which are not shown on figure 4.Id: these are the same as the brown and 
green pathways, but instead of compressed hydrogen storage and dispensing on the 
refuelling site, the hydrogen is liquefied and stored and dispensed as liquid hydrogen. 
Although it is possible to have different transportation methods from one production site, this feature has 
not been used in any of the scenario analyses in this thesis- this is because one pathway with a particular 
method of transportation has usually been compared to another pathway with a different method of 
transportation. 
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The four different colours of arrows represent the four possible production-delivery pathways. (Note: these 
are undecipherable if reading a black and white print-out.) 
4.2 Modelling Hydrogen Infrastructure Processes 
This section gives a description of the modeUing methodology for each piece of equipment 
within a hydrogen infrastructure that has been included in the models. Both capital and 
running costs are included, and any choices and assumptions made are stated, as well as the 
reasons behind them. Issues related to technological changes over time (and their effects on 
costs) are discussed in chapter 5. 
For each type of equipment a table of parameters is included; this gives the ranges of values 
(apart from capital costs) that were obtained from industry sources and the baseline values 
that were used in the modelling. Where no industry data were available, or these data were 
considered insufficient, data from the most recent literature found have been substituted 
and included. Where neither literature nor industry data could be obtained, an estimated 
value based on a similar piece of equipment has been used. 
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In each case, the baseline value used is not necessarily the middle of the range value; the 
sources of data, their relative dates, and the frequency of the information (i.e. how many 
times the same data is given by different sources) are also taken into account. 
4.2.1 Hydrogen Production 
Three different production technologies have been included in both the on-site and off-site 
models. These are steam methane reforming (SMR), alkaline electrolysis, and PEM 
electrolysis. These technologies were chosen because they are the most commonly used 
methods for the production of hydrogen to date. In addition they are fully commercialised, 
and are supplied by a number of manufacturers. 
4.2.1.1 Steam Methane Reforming (SMR) 
The capital costs for steam methane reformers used in the models, include the costs of the 
reformer itself and the pressure swing adsorption system (PSA), required for hydrogen 
purification. Most of the data on SMRs (used in the models) were obtained directly from 
manufacturers. 
From both literature data and discussions with industry experts, it was found that not only 
costs fall with increasing capacity, but also at capacities equal to and greater than 
approximately 20 t/d, the increase in cost becomes almost proportional with incremental 
increases in capacity. In light of this information, it was judged more appropriate to use 
different cost curves for SMRs smaller and bigger than 20 t/d in the models. 
After approaching a number of companies for information on SMR capital costs, two sets 
of industry data were obtained. One company, here referred to as Company 1, gave capital 
costs for a range of capacities (0.108 - 2.16 t/d, and 89 t/d), from which graphs were 
plotted and a trend line drawn. The second company, here named Company 2, gave the 
following equation for their small (< 20 t/d) SMRs: 
Unit Cost (£m/t/d) - 1.875 * (Capacity(t/d)'"'^) 
Trend lines (or regression lines) for data from both companies were drawn and can be seen 
in figure 4.2a. Similarly, trend lines for larger SMRs were drawn using data from both 
companies. These trend lines are lines of best-fit (drawn in Excel), and coiTespond to 
'power' equations, as shown on the graph. R^ is a value indicating the extent of deviation of 
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the points from the related trend line. The smaller the vaiiability of the residual values 
around the regression line relative to the overall vaiiability, the closer is to 1, and the 
lower the extent of deviations, and so the better the 'fit' of the trend line. 
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R^ = 0.96 
Note: All above costs are FOB, and do not include installation and shipment. 
As can be seen from figure 4.2b, data from both Company 1 and Company 2 were limited 
for SMRs larger than 50 t/d. Therefore data from a recent European-based publication 
(E4tech 2005) were also plotted for comparison. 
Figures 4.2a and 4.2b show that for the small SMRs, the costs from Company 2 are higher, 
and for the larger SMRs those from Company 1 are higher. The variation in cost between 
different suppliers is partly due to the different designs (e.g. down-fired fixed box furnace, 
or up-fired terrace walled, etc.). In the case of small SMRs there have been recent 
technological developments which have reduced costs significantly; these are the new 
generation small SMRs to be used in the very near future (see chapter 5, section 5.2.2). 
It was decided that capital cost data from Company 1 would be used in the models as the 
baseline values. This choice was made as Company 1 has a greater presence in the UK 
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market. Data from Company 2 and recent literature are taken into consideration in the 
sensitivity analysis (see chapter 9, section 9.1.4.1). 
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R^ = 0.99 
Note; All above costs are FOB, and do not include installation and shipment. 
Running costs for SMRs include O&M, labour, feedstock and land costs. The feedstock 
costs include natural gas, electricity and water. Natural gas consumption has been based on 
average SMR process efficiencies obtained from industry (see table 4.2a). Electricity 
consumption is related to capacity of plant- unit consumption (kWh/ kg H2) goes down as 
the capacity of plant increases (Downey 2005). Most of the electricity used is for the 
compression of natural gas, so the pressure at which the NO is delivered will affect 
electricity use. The following equation for the relationship between unit electricity 
consumption and plant capacity was derived from a regression fitted to industry data and 
used in the model: 
Electricity Use (kWh/kg H2) = 2.298 x (Plant Capacity (t/d))'""^"^' 
(R- = 0.391} 
The R^ value was found to be quite low for the above-mentioned regression line, i.e. there 
was much variability in the data found. This is likely to be due to the variability in the 
pressure at which the NG was delivered in each case. 
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Water is used by the boiler in an SMR and for cooling. The quantity of cooling water is 
significant (401/kg to >300 1/kg of H2, depending on size of plant); however, the same 
cooling water is recycled for use, with a small amount of make-up water required (<1% of 
cooling water). Equations were derived from industry data (Schumake 2003), (Janet 2004), 
(Downey 2005) for both boiler water and make-up water; these are shown in figure 4.2c. 
Both types of water consumption are related to the size of the reformer. 
Figure 4.2c: SMR Water Usage: Variation with Capacity 
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Source: Industry (Howe-Baker 2003, BOC 2004/2005) 
It must be noted that in practice boiler water consumption depends on the quantity of 
excess steam generation- this is sometimes required by the user (for use in industrial 
processes or for heating) and sometimes not, and depends partly on their mode of use. It is 
not necessarily less costly to have less steam generated. Here water used for excess steam 
generation is not taken into account, and neither is any potential revenues generated from it. 
The footprints of SMR plants are also related to their capacity. Two sets of data for 
footprints were available, one set obtained from various publications, and the other from an 
industry source. These were significantly different, although the rate of increase with 
capacity was very similar. The mid points between the two trend lines from these data were 
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plotted, giving the following relationship (data for all trend lines are used in the sensitivity 
analysis; see section 9.1.4.1): 
Footprint (m') = 440.2 x (Capacity (t/d)f "^'''''^ 
= 0.P9) 
Table 4.2a: Cost Parameters for SMRs 
Parameters Range of Values Baseline Value Source(s) of Data 
Annual O&M Cost (as % of 
Capital Cost) 1.5-3.0 2.7 
Howe-Baker 
BOC 
NG Consumption (kWh/kg) 54.1-61.7 5%8 Industry and Literature* 
Electricity Consumption 
(kWh/kg) Varies with capacity Varies with capacity Industry and Literature* 
Water Consumption (1/kg) Varies with capacity Varies with capacity Howe-Baker, BOC 
Lifetime (yrs) 15- 20 15 Industry and Literature* 
Footprint Varies with capacity Varies with capacity Industry and Literature* 
Labour (no. of Engineers) <5 l/d = 0 Other = 1 
<5 t/d = 0 
Other = 1 BOC 
Wages (£/hr) 10- 20 15 Estimate 
Installation Cost (as % of 
capital cost) 10- 25 20 
Howe-Baker 
BOC 
Shipment Cost (as % of <5 t/d ; 3.8-5.5 <5 t/d : 4.5 Howe-Baker 
capital cost) Other: 6-7 Other : 6.5 BOC 
*Sources include BOC, Praxair, Howe-Baker, Air Products, (Lasher, James el al. 2004), (Myers, Arid el al. 
2002), (Thomas, James et al. 1997), (Ogden 2004) and others. 
It is assumed that natural gas and water aie fed into the system and hydrogen is produced at 
a high pressure. The baseline assumption for the pressure of the hydrogen produced is set at 
10 bars. This assumption is based on expert opinion and common practice in the industry 
(Jarret 2004). Table 4.2a lists the baseline assumptions, and the ranges of values for all 
parameters related to SMR cost calculations in the models. 
4.2.1.2 Electrolysis 
Two types of electrolyser are included in the models. One is alkaline and the other PEM 
(Proton Exchange Membrane). Alkaline electrolysers are currently the more popular 
technology for hydrogen production. PEM electrolysers are relatively new to the market, 
are only produced by a small number of manufacturers, and are used mainly for space 
applications. These electrolysers are currently produced with low outputs, rarely going over 
0.2 t/d, while alkaline electrolyser stacks can have outputs higher than 1 t/d. PEM 
electrolysers have relatively lower unit capital costs, while Alkaline electrolysers have 
slightly lower energy consumption (53.4-67.9 kWh/kg H]) compared to PEM electrolysers 
(62.3 - 72.1 kWh/kg H2)(Ivy 2004). 
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A number of electrolyser manufacturers were approached, but very few were willing to part 
information on the capital costs of their electrolyser systems. For alkaline electrolysers only 
one company (here referred to as Company 1) gave enough capital cost information to 
make it possible for a trend line to be drawn, as shown in figure 4.2d. In order to make 
comparisons with other sources, capital cost data from a recent thesis (Weinert 2005) and a 
relatively recent publication which was recommended by a prominent electrolyser 
manufacturer (H-SAPs 2001) were also considered. The models use the capital cost 
equation derived from the cost data from Company 1. Data from the recent literature are 
considered when performing the sensitivity analysis. 
Sources of data for PEM electrolysers were even more limited. Only one set of data was 
obtained from a manufacturer; here referred to as Company 2. Other sets of data were 
obtained from the two publications mentioned above (Weinert 2005) and (H-SAPs 2001). 
As well as the set of data from Company 2, only the data from the HSAPs report could 
have a trend line drawn through them (i.e. had more than 2 data points). These trend lines 
are shown in figure 4.2e below. The equations of the trend lines (or regression lines) for 
PEM and alkaline electrolyser capital costs are shown on the relevant graphs as well as the 
values. As can be seen these are both 'power' equations, similar to the ones for SMR 
capital costs. The equations corresponding to the industry data are the ones used in the 
modelling analysis. 
As well as an electrolyser, the electrolysis unit may include a number of different pieces of 
equipment depending on the type of technology: for example, some may need to have water 
purification systems, some may require deionisers, while alkaline electrolysers will need to 
have mixing tanks, etc. The capital costs used in the models are those of the overall system, 
including any of the above-mentioned pieces of equipment that may be necessary. 
The hydrogen produced from alkaline electrolysers can be at various pressures ranging 
fi"om 1 to 24 bar (and as high as 700 bar for unipolar electrolysers) (Ivy 2004). The level of 
this pressure affects the capital cost. The capital costs obtained were for electrolysers of 
varying output pressures; therefore, for the baseline value a middle of the range pressure of 
10 bar has been used in the models. For PEM electrolysers the output pressure was found to 
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be at the high end of the scale, between 13 and 15 bar (Szymanski 2005) (Ivy 2004), so the 
baseline value used is higher (14 bar). 
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As mentioned above, unlike SMRs, electrolyser stacks come in units with low capacities; 
the largest commercially available stacks today are alkaline ones of 1.64 t/d. These are 
known to have been used in multiples to reach capacities as high as 47.5 t/d (Tobiassen 
2005). In the models, it is assumed that alkaline electrolysers larger than 1.64 t/d have the 
same unit capital cost as the 1.64 t/d electrolysers (so, effectively, at present, economies of 
scaie^^ are postulated not to be available above this capacity). 
Similaiiy, because the largest commercially available PEM electrolyser was found to be 
0.24 t/d in capacity, the unit capital costs of larger PEM electrolysers were assumed to be 
the same as that of this size. Further, according to industry sources PEM electrolysers 
mostly come in sizes in the order of 0.01 t/d; and so it would not be practical to use this 
type of electrolyser for capacities greater than around It/d. In the analyses in this thesis 
therefore, it has been assumed that PEM electrolysers are not used for capacities greater 
than 1 t/d. 
Economies of scale arise when the cost per unit falls as output increases. 
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Running costs of electrolysers include O&M, and feedstock cost. Values of O&M costs 
obtained are listed in tables 4.2b and 4.2c .Feedstock costs include those of electricity, 
water and cooler. The baseline cost of electricity is calculated using the average value of 
the energy efficiencies mentioned above. Because unit electricity consumption decreases 
only very slightly with electrolyser capacity, in the models an average value is used for all 
sizes. 
Water usage is calculated from molecular weight ratios and efficiency of water usage. From 
molecular weight ratios it can be calculated that 9 litres of water are required to produce 1 
kg of hydrogen. Conversion efficiencies of electrolysers, with regard to water, range 
between 80 to 95% (Ivy 2004); the baseline value for this efficiency has been assumed to 
be a conservative 85%. This corresponds to a water usage amounting to 10.6 litres per kg of 
hydrogen. 
The footprints of electrolysers are related to their capacity. Using data from various 
companies (Hinatsu 2004), (Sherba 2004; Szymanski 2005), footprints were plotted against 
capacities for both alkaline and PEM electrolysers, and trend lines were then drawn through 
them (see figure 4.2f). The corresponding equations to these 'best-fit' Hnes are used in the 
models. 
All the values for parameters related to costs, including lifetime of equipment, shipment 
and installation costs for electrolysers are listed in tables 4.2b and 4.2c. 
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Sources of data: Proton Energy (2004), Hamilton Sundstrand (2004), and Stuart Energy (2004) 
Table 4.2b: Cost Parameters for Alkaline Electrolysers 
Parameters Range of Values Baseline Value Source(s) of Data 
Annual O&M Cost (as % of 
Capital Cost) 0 .3-3.6 2 
Industry and Literature 
Sources* 
Electricity Consumption 
(kWh/kg) 5 3 4 - 6 ^ 9 60.65 (Ivy 2004) 
Water Consumption (1/kg) 9 .5-11.25 10.6 (Ivy 2004) 
Cooler Cost (£) 15,000- 20,000 12,500 Proton Energy (2005) 
Output Pressure (bar) 1 -24 10 (Ivy 2004) 
Lifetime (yrs) 7 - 2 0 13.5 (H-SAPs 2001; Ivy 2004) 
Footprint Varies with Capacity Varies with Capacity Stuart Energy (2004), BP (2004) 
Labour 0 0 Industry and Literature Sources* 
Installation Cost (as % of 
capital cost) 3 - 8 5.5 Norsk Hydro (2004) 
Shipment Cost (as % of 
capital cost) 2 - 5 3.5 Norsk Hydro (2004) 
* Sources include (Berry 1996), (Thomas, James et al. 1997), Norsk Hydro, and Stuart Energy. 
13] 
Table 4.2c: Cost Parameters for PEM Electrolysers 
Parameters Range of Values Baseline Value Source(s) of Data 
Annual O&M Cost (as % of 
Capital Cost) 2 .1-3 .2 2.6 Proton Energy (2005) 
Electricity Consumption 
(kWh/kg) 6 2 3 - 7 Z 1 6%2 (Ivy 2004) 
Water Consumption (1/kg) 9.5-11.25 10.6 (Ivy 2004) 
Cooler Cost (£) 15,000- 20,000 12,500 Proton Energy (2005) 
Output Pressure (bar) 13-15 14 Proton Energy (2005) (Ivy 2004) 
Lifetime (yrs) 5 - 7 6 (Ivy 2004) 
Footprint Varies with Capacity Varies with Capacity 
Hamilton Sundslrand 
(2004), Proton Energy 
(2005) 
Labour 0 0 Industry and Literature Sources* 
Installation Cost (as % of 
capital cost) 8 - 1 1 9.5 Proton Energy (2005) 
Shipment Cost (as % of 
capital cost) 2 - 5 3.5 Norsk Hydro (2004) 
* Sources include (Berry 1996), (Thomas, James et al. 1997), Proton Energy and Hamilton Sundstrand. 
4.2.2 Hydrogen Storage 
There are many options for the storage of hydrogen. They include underground storage in 
caverns, storage as a metal hydride, storage as a compressed gas in cylinders, and storage as 
a liquid in tanks or dewars. The most commonly used methods of storage to date are 
storage as a compressed gas in cylinders and storage as a liquid in tanks (or dewars). These 
are the two methods considered in this thesis (see chapter 3, section 3.3), and modelled as 
described below. 
4.2.2.1 Compressed Hydrogen Storage 
Most compressed hydrogen storage cylinders in use today are made of steel. There are also 
lighter cylinders consisting of aluminium liners, over-wrapped with composite plastic. 
These are often referred to as second generation storage cylinders. Two even more 
advanced types of storage cylinders have also entered the market. One is referred to as the 
third generation cylinder and is similar to the second generation one, except that instead of 
composite plastic it is wrapped with carbon fibre and is therefore lighter. The other is 
referred to as the fourth generation cylinder and is made up of composite plastic only. 
While the third and fourth generation cylinders are relatively costly, the cost of the second 
generation cylinders has come down in recent years, making them competitive with the 
steel cylinders. The second generation storage cylinders are being used more and more and 
are consequently taking some of the steel cylinder's share of the market. 
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The second, third and fourth generation storage cylinders, as well as being lighter in 
weight, can store hydrogen at higher pressures compared to steel cylinders (as much as 825 
bar for the third generation cylinders (Duncan 2005)). Steel cylinders typically have 
operating pressures of up to around 460 bar (Cielinski 2005). 
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The key indicates both the type of storage cylinder (i.e. steel or Al/C) and source of data. 
Al/C: These are either second or third generation aluminium composite cylinders. 
The capital cost of compressed hydrogen storage cylinders depends on their type (i.e. steel 
or aluminium composite), size and operating pressure. As can be seen from figures 4.2g 
and 4.2h the relationship between size and capital cost, as well as pressure and capital cost 
is not clear, as the cost is dependent on both. However, it was found that the cost generally 
increases with increasing capacity for cylinders with the same operating pressure and vice 
versa. 
As it was not possible to derive any simple equations relating the capital costs of storage 
cylinders to their operating pressure and/or size, a different method of least-cost-selection 
was used in the models. A list of compressed hydrogen storage cylinders was put into the 
model, including their respective sizes (in kg of hydrogen), operating pressures and capital 
costs. Every time storage cylinders have to be chosen, for a particular level of storage (in kg 
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of hydrogen) and pressure, the number of each type of cylinder is derived, and from this 
and the cost of each cyhnder, the total cost of storage is obtained. Out of the cylinders with 
the appropriate operating pressures, those with the least total cost aie chosen. 
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The key indicates both the type of storage cylinder (i.e. steel or Al/C) and source of data. 
Al/C: These are either second or third generation aluminium composite cylinders. 
It must be noted that the list of storage cylinders in the models from which an appropriate 
type of cylinder is chosen, is limited to available data. Due to the limited amount of data 
obtained from cylinder manufacturers, data from two recent publications were also used in 
the model. These include (Weinert 2005), and (H-SAPs 2001). In the models, CH2 storage 
cylinder operating pressures range between 195 bar and 700 bar, while sizes range from 4.8 
kg to 629 kg. 
A percentage of over-size for the storage cylinders is added to the required capacity, in 
order to allow for the fact that not all the hydrogen in the cylinders can be extracted. This 
percentage depends on the relative pressure of the cylinders to the pressure of the vessel the 
hydrogen is being transfened to; it can vary between 20 and 40%. The baseline value for 
this over-size is assumed to be 30% (Roach 2005). 
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There is one other practical point that needs to be accounted for in the models, and that is 
space for storage cylinders. Space is limited, particularly at refuelling sites in central and 
even outer London regions. Therefore in the models, a limit should exist for the maximum 
number of cylinders that can be stored at a site. The baseline figure for production sites for 
this is set at 1000. For refuelling sites, it is set at 100, except in the case of tube-trailer 
delivery, where the storage is in the tube trailer cylinders themselves. A buffer storage is 
also included in the models at refuelling sites- the limit for this is 50 cylinders. These limits 
for number of cylinders were derived by dividing the approximate area allocated for 
hydrogen storage at a refuelling station (based on data from industry (Traeger 2005) and 
published likely plans for hydrogen stations (Schoenung 2001)) by the footprints of the 
storage cylinders obtained, and then taking the approximate mid-point value. An on-site 
refuelling station was assumed to have an output of 2t/d and an off-site station an output of 
20t/d. 
The method of estimating the maximum number of CHi storage cylinders (described 
above) may seem somewhat crude. It was found, however, that the effect of changing these 
values (by as much as 100%) had little effect on the model outputs. This is shown in the 
sensitivity analysis (see section 9.1.4.2, chapter 9). 
Steel CH2 storage cylinders generally have low maintenance costs, approximately 1% of 
capital costs. The aluminium composite cylinders have even lower maintenance costs. 
Other parameters for calculation of costs for compressed hydrogen storage tanks, used in 
the models, such as lifetime, and footprints are listed in table 4.2d. The width of a safety 
perimeter is also included in the calculation of the footprints. In the absence of specific 
safety standards for hydrogen refuelling stations the width of the safety perimeter has been 
based on standards and codes of practice in the industry which designers and operators of 
such facilities adhere to (Lomas 2005) (Hysafe 2005); these include the BCGA code of 
practice for the storage of bulk gaseous hydrogen (BCGA 2005) and the EIGA code of 
practice for the operators of compressed hydrogen stations (EIGA 2005). These codes of 
practice have been based on national and international regulations such as the NFPA 55. 
The safety perimeter varies between 5m and 8m depending on the quantity of hydrogen 
stored and the type of equipment it is situated next to. The baseline value used is the mid-
point between these two values. 
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Table 4.2d: Cost Parameters for CH2 Storage Cylinders 
Parameters Range of Values Baseline Value Source(s) of Data 
Annual O&M Cost (as % of 
Capital Cost) 0^5 045 
(Ogden. Dennis et al. 
1995) 
Lifetime (yrs) 1 5 - 2 0 15 (Weinert 2005) CPI 
Footprint (mVkg) 0.11-0.18 0.145 CPI, Dynetek (Schoenung 2001) 
Safety Perimeter (m) 5 - 8 6.5 (EIGA 2005), (BCGA 2M5) 
Labour 0 0 BOC (2005), BP (2005) 
Installation Cost (as % of 
capital cost) 5-10 7.5 Estimate* 
Shipment Cost (as % of 
capital cost) 2-5 3.5 Estimate* 
* Based on values for electrolysers. 
4.2.2.2 Liquid Hydrogen Storage 
Liquid hydrogen storage tanks (or dewars) are made of steel, have double walls and are 
very well insulated in order to reduce boil-off. It was very difficult to obtain cost 
information about liquid hydrogen storage tanks from manufacturers. Some limited 
information has been obtained from users of these tanks, and some from a recently 
published report (Simbeck and Chang 2002). But as these recent data were limited, it 
proved necessary to use capital cost data from older reports (Amos 1998),(Ogden, Dennis 
et al. 1995; Thomas, James et al. 1997). 
The capital cost of a liquid hydrogen storage tank is related to its size (or capacity), as 
shown in figure 4.2i(l). By putting a trend line through all the available data, an equation 
relating size (in kg of hydrogen) and unit capital cost of tanks was obtained and used in the 
model. (Note the trend line could not be displayed on the giaph with a log-scale^'', therefore 
it is shown on a normal scale but truncated graph in figure 4.2i(2).) When separate trend 
lines are fitted through the old data points, (1994-1996) and the new ones (2004-2005), 
slightly different equations are obtained. The difference between the equations is taken into 
consideration in the sensitivity analysis. 
Due to limitations in Excel, if the trend line is drawn on the graph with a log-scale a smooth curve is not 
displayed . 
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Note: All costs have been converted to 2004. 
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The size of the storage tank required depends on the number of storage days (see section 
4.3.2). A percentage of over-size is also added to the quantity of hydrogen required, in 
order to account for the quantity that cannot be extracted when the tank is being emptied. 
This is in the region of 25% (Roach 2005). In addition to this, there are daily losses due to 
boil-off which are also considered in the models - this is approximately 0.4% daily (Lomas 
2005). 
The footprint of a storage tank is also related to its capacity. A relationship between the 
footprint of liquid hydrogen storage tanks and their size has been obtained by drawing a 
best-fit regression line through points of data from industry (Schwartz 2004). This equation 
is shown on figure 4.2j. 
Just as for the compressed hydrogen storage cylinders, a safety perimeter around the tanks 
was included in the calculation of footprints. For liquid hydrogen tanks this perimeter is 
based on data in the EIGA code of practice for the handling and storage of liquid hydrogen 
(EIGA 2002), which itself is based on international regulations such as the NFPA 55. The 
safety perimeter which varies depending on the quantity of hydrogen stored and the type of 
equipment it is located next to was found to be between 1.5 and 10m, except in the case of 
air compressor intakes and air conditioning- the safety perimeter in the case of the latter 
becomes 20m. The baseline value chosen in this case is 7m, which is greater than the mid 
point between 1.5m and 10m, in order to represent all distances given. Values for all 
parameters required for cost calculations in the models for liquid hydrogen storage tanks 
are listed in table 4.2e. 
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Table 4.2e: Cost Parameters for LH2 Storage Tanks 
Parameters Range of Values Baseline Value Source(s) of Data 
Annual O&M Cost (as % of 
Capital Cost) 0.7 0.7 
(Ogden, Dennis ct al. 
1995) 
Cooling Water (1/kg) 626.5 626.5 (Amos 1998) 
Lifetime (yrs) 15 15 Estimate* 
Footprint (m^/kg) Varies with Capacity Varies with Capacity Praxair 
Safety Perimeter (m) 1.5- 10*** 7 (EIGA 2002) 
Labour 0 0 Estimate* 
Installation Cost (as % of 
capital cost) 5-10 7.5 Estimate** 
Shipment Cost (as % of 
capital cost) 2-5 3.5 Estimate** 
* Based on values for CH2 cylinders. 
** Based on values for electrolysers. 
*** In the case of air compressor intakes this perimeter is 20m. 
4.2.3 Hydrogen Compression 
A number of different types of compressors can be used for the compression of hydrogen. 
The most important feature with regard to hydrogen compressors is that they should be oil-
free, or that any oil used by the compressor should be kept completely separate from the 
hydrogen, in order not to contaminate it. Reciprocating and diaphragm compressors are the 
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most commonly used types at present. Reciprocating compressors are currently less 
expensive than diaphragm compressors, but have lower compression ratios per each stage 
of compression. Although compression ratios depend on a number of factors, such as 
suction and discharge rate, and flow conditions, generally reciprocating compressors, have 
compression ratios of 4 or 5, while diaphragm compressors have compression ratios of 9 or 
10 (Savidge 2004 and 2005), (Lomas 2005) and (Traeger 2005). 
The compressors represented in the models were based on reciprocating ones. This was for 
two reasons: more cost data were available for these compressors, and an equation was 
found from a normally reliable source relating their power to the flow rate of hydrogen and 
inlet and outlet pressures (Ogden 1997). This equation is as follows: 
Power = Flowrate x ( — — ) x / / x { ( ( ) 
efficiency Pin 
Where the power is in kW, the flow rate is in standard cubic feet per minute (Scfm), 
TV is the number of compression stages. Pin is the pressure of ingoing hydrogen and 
Pout is the pressure of the out coming hydrogen. The efficiency is the isothermal 
efficiency, which ranges between 55 and 75% (Syed, Sherif et al. 1998). 
In addition, the number of compression stages (TV) and the pressure ratio (Ps) are related as 
in the following equation (Dunn 2005); 
\n{Pout I Pin) 
T V - ' 
ln( f j') 
Therefore, from the input and output pressures, pressure ratio, efficiency of compression 
and flow rate of hydrogen, the power of the compressor can be derived - for a reciprocating 
compressor. It was also found (through analysing data from various sources) that there is a 
correlation between the power of a compressor and its capital cost. As can be seen from 
figure 4.2k(l), unit costs of all types of compressors decrease as their power output 
increases. 
In the models the equations for the fitted trend lines through the data points for single-stage 
and multi-stage reciprocating compressors are used to derive the capital costs for a given 
required power output [these are shown on the graph in figure 4.2k(2), as the trend lines 
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became distorted when displayed on the graph in figure 4.2k(l) with a log-scale (see 
footnote 25)]. Values for all the parameters used in the models, for the calculation of costs 
for reciprocating compressors are shown in table 4.2f. 

















10 100 1,000 10,000 100,000 
Power (kW) 
• Amos 1998 
a Industry, M 
A Industry, S 
X Industry, D 








y = 12886x^^ 
= 0,966 
• Amos 1998 
a Industry, M 
A Industry, S 





0 1,000 2,000 3,000 4,000 5,000 6,000 7,000 
Pow er (kW) 
Industry, S 
y=9611.4x45w 
ff = 0,874 
Industry M: multi-stage reciprocating compressors, costs from industry 
Industry S: single-stage reciprocating compressors, costs from industry 
Industry D: diaphragm compressors, costs from industry 
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Table 4.2f: Cost Parameters for Hydrogen Compressors 26 
Parameters Range of Values Baseline Value Source(s) of Data 










Related to Power 
output 
Related to Power 
output 








Compressor Efficiency 55-75% 65% (Syed, Sherif et al. 1998) 





Footprint (m'^ /t/d) 5 j a 5 j^ (Schoenung 2001) 
Labour 0 0 RIX, Pdc, BP 
Installation Cost (as % of 
capital cost) 5-10 7.5 Estimate* 
Shipment Cost (as % of 
capital cost) 2-5 3.5 Estimate* 
* Based on values for electrolysers. 
4.2.4 Hydrogen Liquefaction 
Hydrogen liquefaction is one of the most costly processes in a hydrogen infrastructure 
pathway. This is partly due to its energy intensive nature. One kWh of hydrogen can 
require between 0.38 and 0.27 kWh of electricity for its liquefaction (depending on the size 
of the liquefier) (Stromberger 2003). For liquefiers smaller than 36t/d, energy and non-
energy costs are comparable, but for larger liquefiers energy costs dominate (Syed, Sherif 
1998). 
Larger liquefiers are more complex in construction compared to smaller ones (<1.5 t/d). For 
the former the use of more complex cycles increases the energy efficiency of the process, 
which out-weighs the increase in capital costs. Small hydrogen liquefiers are very similar to 
those used for hehum liquefaction, and in some cases the latter liquefiers are adapted for 
use as hydrogen liquefiers (Evans West 2003). It proved impossible to obtain capital costs 
of liquefiers directly from manufacturers. However, some of the manufacturers that were 
approached did recommend recent literature that contained cost data. Data from these 
reports have been used in the models. 
A small number of reports were found that contained data on the capital costs of liquefiers. 
These reports fell into two main categories, those that were US-based and those that were 
^ Values in brackets are for diaphragm compressors. All other values are for reciprocating or both types of 
compressors. 
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European-based. A number of the US based reports were shghtly dated, (1996 to 1998), but 
when a best-fit regression line was drawn through the corresponding data points it was 
found that overall the scahng factor obtainable from these points was very similar- to that 
from the European reports (shown by the dotted line in figure 4.21). 
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Out of the three European reports one included a wide range of data for liquefiers with 
capacities ranging from 10 to 250 t/d, (Stromberger 2003) and had obtained a trend line by 
fitting an equation to a set of data points; this trend line is also shown in figure 4.21. It was 
found that the data from the other two European reports fell on, or very close to this trend 
line. Therefore, the equation for capital costs from this report (Stromberger 2003) were 
used in the models. (Note that the Stromberger thesis was written in close cooperation with 
BMW, and much industry data have been included in this work). 
Larger hquefiers are more energy efficient, as mentioned above; this can be seen from 
figure 4.2m which shows the trend line from the Stromberger thesis. Values for electricity 
consumption for large liquefiers were also found in two other reports (Amos 1998) and 
(Thomas, James et al. 1997), these were 10 kWh/kg and 13 kWh/kg, respectively, (mostly 
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for liquefiers larger than 10 t/d) which are close to the values on the trend line. The 
equation for electricity consumption from the Stromberger thesis was used in the models. 
O&M costs for liquefiers, which include the cost of nitrogen for pre-cooling, vary 
depending on the size of the plant. As production rate and efficiencies of liquefiers 
increase, their O&M costs decrease (Syed, Sherif et al. 1998). The Stromberger thesis 
shows that O&M costs of liquefiers fall hnearly with increasing capacity, but only slightly 
(from 3.7 to 2.8%, for capacities of 20 to 250 t/d). The Syed report also gives decreasing 
values of O&M costs for increasing outputs; these latter costs have been converted to 
percentages of capital costs and aie shown in figure 4.2n alongside conesponding values 
from the Stromberger report. As can been seen from this giaph the equations for the two 
sets of data are very similar. The equation from the Stromberger report is used in the 
models, as this is a more recent source of information. 
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It must be noted that because the pressure of the in-going hydrogen must be at least 20 bar 
prior to liquefaction (Stromberger 2003), a compression stage is necessary following 
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hydrogen production from a typical SMR or electrolyser. Such a stage has been included in 
the models. Table 4.2g lists values for all cost parameters used in the models for liquefiers. 
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Table 4.2 g: Cost Parameters for Hydrogen Liquefiers 
Parameters Range of Values Baseline Value Source(s) of Data 
Annual O&M Cost (as % of 




(Syed, Sherif et al. 1998) 
Electricity Consumption 
(kWh/kg) Varies with Capacity 
Varies with 
Capacity (Stromberger 2003) 
Lifetime (yrs) 1 5 - 2 5 20 (Stromberger 2003) (Syed, Sherif et at. 1998) 
Footprint (m'^/t/d) 6 6 Estimate* 
Labour 0 0 Estimate* 
Installation Cost (as % of 
capital cost) 5-10 7.5 Estimate** 
Shipment Cost (as % of 
capital cost) 2-5 3.5 Estimate** 
* Based on value for hydrogen compressors. 
** Based on values for electrolysers. 
4.2.5 Hydrogen Transportation 
Hydrogen can be transported over land by road, pipeline, or rail. It can be transported as a 
liquid, a gas or as a metal hydride. The most likely near-term methods for transporting 
hydrogen in a city such as London are by road in liquid or compressed form or by pipeline 
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in compressed form. These three methods of hydrogen transportation and their 
representation in the models are discussed below. 
4.2.5.1 Liquid Hydrogen Transportation by Road 
Liquid hydrogen is transported by tankers similar to those that transport other liquefied 
gases such as Uquefied natural gas. Typically these tankers cany between 3000 kg and 
4000 kg of hquefied hydrogen, which is about ten times that carried by a typical 
compressed hydrogen tube trailer. 
Only a small number of companies were found to manufacture liquid hydrogen tankers, and 
the costs do not vary much between them. Costs have, however, increased in recent years 
(2004-2006) due to increases in the cost of steel (see chapter 5, section 5.2.2), and are 
thought more hkely to increase rather than decrease in the near future. The capital cost used 
in the model is that from a tanker manufacturer, and is equal to £609,400. This is almost 
twice as high as the costs cited in earlier publications (Berry 1996; Amos 1998). 
Losses from Uquid hydrogen tankers were also accounted for in the models. A tanker 
operates at hydrogen storage pressures of less than 25 psig (1.7 bar) over the road; when it 
reaches the customer the pressure of the hydrogen is increased in order to off-load. When 
off-loading is finished, the remaining hydrogen in the tank is at 50 to 100 psig; this needs to 
be 'blown down' to 25 psig before the tanker goes back on the road, which equates to a loss 
of 5 to 10% of the hydrogen (Scott 2005). In the models a conservative basehne value of 
10% is used. 
There are also boil-off losses (as for liquid hydrogen storage tanks), in the region of 0.4% a 
day (see section 4.2.2.2). Values for all parameters related to costs of liquid hydrogen road 
transportation are listed in table 4.2h. 
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Tables 4.2h: Cost Parameters for LH? Transportation by Road 
Parameters Range of Values Baseline Value Source(s) of Data 
Annual O&M Cost (as % of 
Capital Cost) 0.35-0.56 0^6 
(Berry 1996) 
(Simbeck and Chang 2002) 
Fuel (Diesel) Consumption 
(1/km) 0.385-0.392 0^92 
(Amos 1998) 
(Simbeck and Chang 2002) 




3 8 - 4 0 39 BP Fiba Technologies 
Driver wages (£/hr) 1 0 - 1 4 14 BP Fiba Technologies 
Vehicle Tax and Insurance 
(f/yr)" 3000 - 5000 4000 Related websites* 
Transportation Losses (% per 
day) 5 - 1 0 % 10% 
Fiba Technologies 
(Ogden 2004) 
Truck Capacity (kg) 3400-4000 kg 3492.23 Fiba Technologies (Simbeck and Chang 2002) 
Load/Unload Time (hrs) 3 - 4 3.5 (Ogden 2004) Fiba Technologies 
Average Speed of Vehicle 
(km/hr) 30- 70 50 Simbeck 2002 
*http://www.direct.gov.uk/eri/Motoring/OwningAVehicIe/HowToTaxYourVehicle/DG_10012524 
and www.oamps.co.uk. accessed on 10/2/05. 
4.2.5.2 Compressed Hydrogen Transportation by Road 
Compressed hydrogen is transported by tube trailers. The current types of tube trailer 
typically carry between 300 and 400 kg of hydrogen, in 10 long cylinders. These trailers are 
often refeiTed to as jumbo trailers. There are also smaller types of tube trailers, which can 
carry in the region of 190 kg of hydrogen, although they are rarely used, as the costs per 
kilogram of hydrogen delivered would be higher. The compressed hydrogen on board the 
tube trailers is usually at pressures ranging from 165 to 228 bai" (Scott 2005),(Roach 2005). 
The capital cost for a tube trailer used in the model is from a manufacturer, and equals 
£126,000. Just as for hquid hydrogen tankers the price of tube trailers has increased in 
recent years (2004-2006) due to the increasing cost of steel. However, comparison with 
data from earlier literature indicates that overall costs of tube trailers have come down 
significantly in the last 6 to seven years (Amos 1998). 
There are two ways of off-loading the compressed hydrogen from the tube trailers. The 
hydrogen can either be cascaded off into storage vessels at the refuelling site, or the 
cylinders can be off-loaded completely, and picked up once 'empty'. This latter method is 
called drop and swap, and is used at the Hackney hydrogen refuelling station in London 
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(Roach 2005). T h e drop and swap method is model led here, as it is common industry 
practice; this also avoids the uncertainties associated with cost calculations for storage 
cylinders at the refuel l ing site (see section 4.2.2.1). 
Table 4.2i: Cost Parameters for CH2 Transportation by Road 
Parameters Range of Values Baseline Value Source(s) of Data 
Annual O&M Cost (as % of 
Capital Cost) 2.7 2.7 (Simbeck and Chang 2002) 
Fuel (Deisel) Consumption 
(1/km) 0.385 - 0.392 0.392 
(Amos 1998) 
(Simbeck and Chang 2002) 




3 8 - 4 0 39 BP Fiba Technologies 
Driver wages (£/hr) 1 0 - 1 4 14 BP Fiba Technologies 
Vehicle Tax and Insurance 
(f/yr)"" 2000-4000 3000 Related websites** 
Transportation Losses 0 0 BOC 
Truck Capacity (kg) 300 - 400 345* Fiba Technologies, BOC, (Ogden 2004), (Amos 1998) 
On-board Pressure (bar) 165-228 228 BOC, Fiba Technologies (Joffe 2005) 
Load/Unload Time (hrs)"" 4 4 (Ogden 2004) 
Average Speed of Vehicle 
(km/hr) 30- 70 50 Simbeck 2002 
* This value corresponds to the tube trailer size for which capital costs are used in the models. 
**http;//www.direct.gov.uk/en/Motoring/OwmngAVehicle/HowToTaxYourVehicle/DG_l 0012524 
and www.oamps.co.uk. accessed on 10/2/05. 
Not all of the compressed hydrogen can be extracted f r o m the storage cylinders. The 
quanti ty of hydrogen left in the cylinders depends on the pressure of the hydrogen in the 
cylinders and the pressure of the receiving vessel. On average 20 to 30% of the hydrogen is 
left in the tube trailer cylinders (Roach 2005). This quanti ty is not model led as a loss in the 
process; instead it is subtracted f r o m the capacity of the tube trailers. 
Values for all parameters related to costs of compressed hydrogen road transportation are 
listed in table 4.2i. 
About 90% of this value is the cost of insurance. Although this latter cost is related to the size of the 
vehicle, very much depends on the type of insurance policy and the number of claims made by the company 
being insured. 
This is the time for 'drop and swap'. 
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4.2.5.3 Compressed Hydrogen Transportation by Pipeline 
The cost of installation of a pipeline, whether for hydrogen, natural gas or water 
transmission depends on a wide range of variables. These include material costs, cost of 
labour and planning costs. In a city like London, factors such as traffic management and 
parking bay suspensions also need to be considered. The costs are, therefore, very specific 
to the locations where the pipeline is to be laid. 
The length of the pipeline depends on the distance of transmission, and its diameter on the 
rate of flow of hydrogen, distance to be transported, as well as the inlet and outlet pressures 
(Ogden 1997). This is shown by the following equation from Ogden 1997: 
Dzamgfgr = x x ( ( f - ( f 2 / f x 2 7 4 . 2 6 ) ° ' ' ' ^ 
Where the diameter is in inches, Q is the flow rate (MScf/h), L is the length of the 
pipeline (km), PI is the inlet pressure, P2 is the outlet pressure, and PR is the 
reference pressure (1 atmosphere). 
Q depends on the demand at the refuelling station(s), L is equal to the distance to be 
transported, PI is typically 30 bar, and P2 5 bar (Ogden 1999), (Joffe 2005). Therefore, the 
diameter can be derived using the above equation. 
In order to be able to model the material and labour costs of a pipeline, an equation is 
required that relates these costs to the length and the diameter of the pipeline. Other costs, 
such as planning, engineering, etc. would be fixed, and unrelated to the size of the pipeline. 
Labour costs are also only partly related to the size of the pipeline; they also depend on the 
terrain over which the pipeline is being laid. 
Costs obtained from pipeline manufacturers/installers are effectively hypothetical and 
incomplete, as they only include material costs and estimated labour costs. Deriving an 
equation using existing hydrogen pipehne costs is also highly questionable, as there are 
only a small number in existence, and there is no clear correlation between their cost and 
their length or diameter (Amos 1998). Some publications estimate the cost of hydrogen 
pipelines, based on existing natural gas pipehnes. Although there are uncertainties involved 
with this method as well, it seems like the most sensible approach, as there are a significant 
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number of NG pipelines in existence, and so a relationship between their cost and their 
length and diameter can be derived. 
Two publications were found, both US based, which had derived equations relating the per 
unit length cost of a hydrogen pipeline to its diameter, and in one case to its length and 
diameter: 
CC = (0 .3354XD')+(11 .25XD)+2.31 (Ogden 1997) 
CC = (0.574 X Z) ' )+ (7.48 X d ) + (161.7 / L) (Parker 2004) 
Where CC is unit capital cost ($/m), D is the pipeline diameter (inches), and L is 
the length of the pipeline (m). 
Unit costs for various pipeline diameters were derived using the above two equations, and 
plotted on a graph, shown in figure 4.2o. Also on this graph unit costs for existing hydrogen 
pipelines from two different reports are shown, as well as costs from industry. It can be 
seen from this graph that the equation from the most recent report (Parker 2004) gives 
higher unit costs compared to the older report (Ogden 1997); however, the data points are 
almost parallel, showing very similar trends. 
Data points from existing pipelines do not seem to follow any particular trend, although 
there is a general increase of unit cost of pipeline with increasing diameter. 
It was decided to base the equation used in the models for unit cost of pipelines on the 
Parker (2004) report; there are two reasons for this, firstly this is a more recent report, and 
secondly it is based on a large number of existing natural gas pipelines. 
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The equation from the Parker report is the sum of three different equations, which aie 
essentially for NG pipelines, but have been adjusted for hydrogen by being multiplied by 
factors shown in bold below; 
Cost of Materials ($/mile) = 1.5 x ((330.5x D') + (687 xD) + 26,960) + (35,000/L) 
Cost of Labour ($/mile) = 1.25 x ((343 x D') + (2,074 xD) + 170,013} + (185,000/L) 
Miscellaneous Costs ($/niile) = 1 x ((8,417 x D) + 7,324) + (95,000/L) 
Where D is the pipeline diameter (inches), and L is the pipeline length (miles). 
The author of the report expects material costs for hydrogen pipelines to be 50% higher 
than those for NG pipelines, as hydrogen pipelines need to be constructed to endure 
embrittlement. He expects labour costs to be 25% higher for hydrogen pipelines, as pipe 
fittings will need to be sealed in order to miniinise hydrogen leakage, with hydrogen 
specific welds. He assumes that miscellaneous costs (which include surveying, engineering, 
supervision, contingencies, allowances, overhead, and filing fees) will be the same for 
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hydrogen pipelines as for NG pipelines. He also assumes that existing rights of way will be 
used. 
There are of course uncertainties associated with all the above mentioned assumptions. In 
addition, all the above costs are US based. Costs are likely to be higher in the UK (as both 
materials and labour costs are generally higher), particularly in a built-up area such as 
London. In a report by Joan Ogden (Ogden 1999) it is stated that pipelines laid down in 
cities cost in the region of £170 per metre more than those installed in the countryside. 
Furthermore, in a city such as London, there are likely to be other fixed costs, such as 
restrictions applied by the local council, street works (traffic management etc.) and the mix 
of construction techniques required given the state of the ground that the pipes have to be 
laid in (rubble from war damage, other pipehnes and works present). According to a 
company that has in recent years (after 2001) laid down new pipelines in London (but 
wishes not to be named), these costs can add up to £120 per metre to the overall costs, 
depending on where in the city they are laid. Taking the £170 per metre for the city-specific 
costs, and adding (an average) £60 per metre for London-specific costs, this gives an 
overall figure of £230 per metre which is used as the basehne fixed cost in the model- this 
cost is added onto the costs shown in figure 4.2o from the Parker (2004) report. 
It is assumed that there are no footprints for pipelines, as they would be placed under the 
ground, apart from those for the pipeline terminus at the production and refuelling sites. It 
is also assumed that labour costs will be zero and any operational work related to the 
pipeline will be performed by staff at the refuelling stations. Annual O&M costs for 
pipelines are assumed to be 0.5% of capital costs (Millet 2004). Table 4.2j lists the values 
for the parameters used in the models. 
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Table 4.2j: Cost Parameters for CH2 Transportation by Pipeline 
Parameters Range of Values Baseline Value Source(s) of Data 
Annual O&M Cost (as % of 
Capital Cost) 0.5 0.5 Air Liquide 
City/London related fixed 
costs (£) f l 7 0 - f 2 9 0 f230 
(Ogden 1999) 
Industry 
Inlet Pressure (bar) 20-100 30 (Ogden 1999) (Joffe 2005) 
Outlet Pressure (bar) 3-5 5 (Ogden 1999) (Joffe 2005) 
Lifetime (yrs) 30 30 Air Liquide 
Pipeline Terminus 
Footprint (m^/t/d) 20 20 (Schoenung 2001) 
Labour 0 0 Air Liquide, Air Products, BOC 
4,2.6 Hydrogen Dispensing 
4.2.6.1 Liquid Hydrogen Dispensing 
The dispensing of hquid hydrogen is less technically complicated than that of compressed 
hydrogen, although the dispenser itself needs to be more sophisticated, as it has to keep the 
hydrogen at a very low temperature. The pieces of equipment required depend on the state 
of the hydrogen prior to dispensing. If the hydrogen is in gaseous form but needs to be 
dispensed as a liquid, liquefaction is required. This is generally a costly process, 
particularly when small amounts of hydrogen aie involved. Nevertheless this option is 
included in the models. 
If the hydrogen is in hquid form prior to dispensing, then all that is required is the liquid 
hydrogen dispensers. Costs for these were very difficult to obtain, as only a small number 
of companies manufacture them and there are issues of commercial sensitivity. The 
information obtained was from users of the equipment (BP and BOC) rather than the 
manufacturers, as well as recent literature. In general, the liquid hydrogen dispensers cost 
more than twice as much as compressed hydrogen dispensers. The costs obtained ranged 
from £70,000 to £300,000, depending on the level of automation. The baseline value used 
in the models was chosen to be £85,200, as this was the mid-range value of the most 
commonly quoted costs. 
Values used for parameters associated with capital and running costs for liquid hydrogen 
dispensers are shown in table 4.2k below. 
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The number of dispensers required by a refuelling station is derived by dividing the flow 
rate of hydrogen at the station by the flow rate of the dispensers; assuming that all 
refuelling has to be done within the hours of operation of the station (baseline figure for 
number of hours of operation used in the model is 12). 
Table 4.2k: Cost Parameters for LH2 Dispensing 
Parameters Range of Values Baseline Value Source(s) of Data 
Annual O&M Cost (as % of 
Capital Cost) 1.6-3 2 
(Berry 1996), 




(kWh/kg) Dispenser: 0.001 Dispenser: 0.001 
Fuelling Technology 
International (based on 
CHi dispensers) 
Flow rate (kg/min.) 2 - 2 . 5 2 BOC, BP 
Lifetime (yrs) 10-20 15 Fuelling Technology International, BP 
Footprint (m^) 
Dispenser: 7.5 7.5 (Schoenung 2001) 
BP Pump & Vap.; 4 4 
Driving Lane: 20-24 24 
Labour 0 - 1 0.5 (1 operator for 2 dispensers) Estimate^^ 
Wages (£/hr) 6 - 1 5 10 Estimate 
Installation Cost (as % of 
capital cost) 5-10 7.5 Estimate* 
Shipment Cost (as % of 
capital cost) 2-5 3.5 Estimate* 
* Based on values for Electrolysers. 
Currently, there are experienced staff at hydrogen refuelling stations, operating and/or 
supervising the refuelling process, some of whom are highly quahfied engineers. This is 
because all these hydrogen refuelling stations aie pilot projects which are being monitored 
continuously in order to gather data and experience for future stations. In the Hornchurch 
site in London the drivers of the hydrogen buses are being trained to refuel the buses 
themselves. It is expected that in the future all bus drivers will cairy out the refuelling, and 
no extra staff would be required for this task. In this thesis the baseline assumption 
regarding labour is a half-way house: 0.5 operators per dispenser (or one operator for 2 
dispensers), and the wages aie assumed to he in between those of a manual worker and an 
engineer. 
Over time hydrogen dispensing is expected by industry specialists to become sufficiently user-friendly that 
the general public will be able to fill-up their own vehicles, and so no specialist operators will be required, 
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4.2.6.2 Compressed Hydrogen Dispensing 
If the hydrogen is in liquid form, and needs to be dispensed as a gas, a pump and vaporiser 
is required as well as a CH2 dispenser. The baseline capital cost of a pump and vaporiser 
used in the model is £34,100 (Simbeck and Chang 2002), and for a CH2 dispenser is 
£30,100 (this cost can range between £25,400 and £34,800, depending on automation 
features and extras); the latter cost data is from a dispenser manufacturer. 
If, on the other hand, the hydrogen is in compressed form, and needs to be dispensed in the 
same state, there are a number of options for its storage and dispensing. Compressed 
hydrogen dispensing can either be carried out via the booster or cascade method, or a 
combination of the two. The cascade method essentially involves a number of storage 
banks (usually three) which all start off at the same operating pressure, equal to the pressure 
required for dispensing (most commonly 400-450 bar). As vehicles aie refuelled, the 
pressure of the tanks drop. Refuelling starts from the low pressure tanks and is topped up 
from the highest pressure tanks. The booster method consists of one storage bank which is 
at a lower pressure than that required for dispensing (e.g. 200 bar), and a booster 
compressor which increases the pressure prior to dispensing (to e.g. 450 bar). Some buffer 
storage (at dispensing pressure) is often used to avoid the need for a large compressor with 
a high flow rate. 
The choice between booster and cascade methods depends mainly on how quickly the 
vehicles have to be filled. For fast fills (> 15 minutes) cascade refuelling is used, and for 
slower fills, such as at bus depots, possibly done over night, the booster method is used 
(Guthrie 2005). There are of course other considerations, such as the space available for 
storage. Cascade storage would be as much as 3 to 4 times the size of that needed for 
booster storage (in terms of volume). This is hkely to be problematic for small refuelling 
sites, particularly in a populated city such as London. The booster method could also be 
problematic for high flow rates of hydrogen, as a very large compressor (with high costs) 
may be required. 
Clearly there are many criteria which need to be considered when deciding on a CH2 
dispensing regime, most of which are technical and logistic. The models constructed were 
not sufficiently sophisticated to assess all of these criteria and make a fully comprehensive 
comparison between the different options. In order to make the models as close to a real 
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situation as possible, the dispensing regimes modelled were based on comments from 
industry experts and existing hydrogen refuelling stations. The modeUing of compressed 
hydrogen dispensing at off-site refuelling sites was based on a refuelling site at Hackney, 
London, for three fuel cell buses. This site used a combination of cascade and booster 
methods. The buses were fuelled directly from the tube trailer cylinders and then topped up 
using hydrogen from a buffer storage at 450 bar. This buffer storage at the Hackney site 
was equivalent to about one fifth of the flow rate at the station (Roach 2005). 
In the case of on-site refuelling stations, the assumptions are that the compressed hydrogen 
is stored at around 200 bars on the site. Some of the hydrogen is compressed further and is 
stored in a smaller buffer storage at 444 bars (or the closest pressure to this that can be 
found from the list of available storage tanks). Hydrogen for dispensing is taken from the 
buffer storage. 
Therefore for compressed hydrogen refuelling, the costs include those of the storage 
cylinders (or tube-trailer cylinders), buffer storage cylinders, a compressor, and a 
compressed hydrogen dispenser. Capital costs also include costs of a panel and sequencer: 
£9,400 (Zubin 2005) (typically used for booster dispensing) and a storage valve: £7,120 
(Ogden, Dennis et al. 1995) (typically used in cascade dispensing). The assumptions made 
regarding labour costs are the same as those for liquid hydrogen dispensing (see previous 
section). Values for parameters used for cost calculations in the models for CHz dispensing 
are listed in table 4.21 below. 
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Table 4.21: Cost Parameters for CH2 Dispensing 
Parameters Range of Values Baseline Value Source(s) of Data 
Annual O&M Cost (as % of 
Capital Cost)* 1.6-3 2 
(Berry 1996), 





Dispenser: 0.001 Dispenser: 0.001 Fuelling Technology International 
Pump & Vap. : 0.3 Pump & Vap. : 0.3 (Berry 1996) 
BOC, BP 
Flow rate (kg/rain.) 0 . 1 - 5 1 Fuelling Technology 
International 





Dispenser: 7.5 7.5 (Schoenung 2001) 
BP Pump & Vap.: 4 4 
Driving Lane: 20-24 24 
Labour 0 - 1 0.5 (1 operator for 2 dispensers) Estimate'" 
Wages (£/hr) 6 - 1 5 10 Estimate 
Installation Cost (as % of 5-10 7.5 Estimate** 
capital cost)* 
Shipment Cost (as % of 
capital cost)* 2-5 3.5 Estimate** 
* These values are also used for pump & vaporiser, storage valve and panel 
** Based on values for Electrolysers. 
; sequencer. 
4.2.7 Additional Costs 
In addition to the capital and running costs of the equipment, there are a number of other 
costs which aie incurred in the initial stages of construction for both a production and 
refuelling site. These include the following: 
Engineering and design 
Site development 
Planning and permitting procedures 
Safety and hazardous operations analysis 




Installation and shipping costs are related mainly to the type of equipment on the site, while 
the other factors listed above are related to the site itself. Installation and shipping costs 
As for LH2 dispensing, it is expected by industry specialists that over time, CH2 dispensers will become 
sufficiently user-friendly that no specialist staff will be required to operate them. 
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were obtained for each type of hydrogen production equipment separately, but due to lack 
of time and resources for the other pieces of equipment estimates were used, based mostly 
on electrolysers. These costs are listed, as percentages of capital costs, in the tables in the 
previous section (4.2). 
A number of the above-mentioned costs depend on the capacity or output of the site in 
question. These include engineering and design, planning and permitting, site development, 
start-up and commissioning. The values for these costs used in the model are percentages of 
the overall capital cost of the equipment. From discussions with industry experts, it was 
found that these percentages are very site-specific. Approximate values for them were 
obtained, and a mid-value was used for the basehne. 
Safety and hazardous operations analysis was found not to be related to the output at the 
site, but to differ between a pubhc site (approx. £100,000), compared to an industrial site 
(approx. £25,000) (Roach 2005). The value for the public site was used for the refuelling 
stations and that for industrial sites for the off-site hydrogen production sites. 
A baseline value for contingency costs of 20% (of capital costs) was used, based on 
industry experience (Roach 2005). According to industry this could vary between 10 to 
50%, depending on the number of problems a site could encounter, e.g. in obtaining 
planning permission, or equipment failure. These problems will become less frequent as 
more experience is gained in hydrogen infrastructure construction. 
It must also be noted that the additional cost values discussed here are for sites that are 
developed from scratch, i.e. they are not for existing (petrol/diesel) refuelling stations that 
are acquiring additional hydrogen refuelhng equipment. 
A contingency value of 20 % is also used in the models for the site footprint - this is to 
cover for any unforeseen footprint requirements, due to the shape of a site, or un-removable 
obstacles, as well as for any inaccuracies in the footprint estimations. 
The values for all the above-mentioned additional costs obtained, and used in the models, 
are listed in table 4.2m 
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Table 4.2m: Estimated Values for Additional Costs 
Parameters Values Sources 
Engineering and Design 
Site Development 
Planning and Permitting 
Start-up and Commissioning 
Approx. 20% Various Industry Sources* 
Safety and Haz. Ops. £25,000-£100,000 BOC 
Cost Contingency 10- 50% Various Industry Sources* 
Footprint Contingency Approx. 20% Estimate 
*These include contacts at BOC, Air Products and BP 
4.3 Other Modelling Features 
Constructing the models was an iterative process; throughout their construction the models 
were constantly run to see if any anomalies presented themselves- and in most cases in the 
initial stages they did. In addition, as more information was gathered from various sources, 
more and more features and specifications of a hydrogen infrastructure became apparent. A 
number of these had to be accommodated for in the modelling in order to give more 
reahstic cost values. 
To assure the successful running of the model under various modes and for different 
infrastructural options, and to take as many specifications into account as possible, a 
number of features were added to the models. These are discussed in the next section. 
4.3.1 Process Losses and Flow of Hydrogen through the Model 
From both literature and industry sources it was found that some of the hydrogen, whether 
in hquid or gaseous form, was lost in the different processes within the infrastructure. 
Hydrogen is a very searching gas, as its molecules are very small, and because it is usually 
stored under high pressure it will tend to find an escape route from most containers. Most 
of the hydrogen losses occur while the hydrogen is being stored, particularly in liquid form, 
due to boil-off. There are also transportation losses, as mentioned in section 4.2.5. All the 
processes modelled have a loss associated with them. The models had to account for losses 
at every stage, from production through to dispensing. 
In order to account for all the process losses, the hydrogen flow was set to go backwards 
through the model, i.e. from the last stage, which was dispensing through to the first which 
was production. The flow rate at the point of dispensing is equal to the demand for 
hydrogen at the refuelling site (which is entered either on the menu worksheet (in the case 
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of the off-site model), or the data worksheet (in the case of the on-site model)). The flow 
rate through the process prior to dispensing, e.g. storage at the refuelhng site, is equal to the 
flow rate at the point of dispensing, plus any potential losses due to dispensing. Similarly 
the flow rate through the process prior to storage at the refuelling site, e.g. compression at 
the refuelling site, is equal to the flow rate at the point of storage plus any potential losses 
due to storage. This flow rate calculation is continued through the model up till the point of 
hydrogen production. 
According to industry sources, excluding transportation and storage, losses from all other 
processes are minimal (Lomas 2005). Baseline values for these were set at 0.1% per day. 
Losses from hquid hydrogen storage tanks range from 0.3 to 0.4% per day (Lomas 2005), 
(Simbeck and Chang 2002). These can occur during storage and transportation of LH;. 
Losses from compressed hydrogen storage cylinders are less, but leaks do occur through the 
valves - however, since no values for this were found, an estimate was used (baseline value 
is set at 0.2% per day). 
As discussed in section 4.2.5.1 above, losses (of Hz to the atmosphere) in the order of 5 to 
10% occur when off-loading LHi from the tankers. With compressed hydrogen tube 
trailers, in most cases a 'drop and swap' scheme is used (this is the method modelled), i.e. 
the hydrogen cylinders themselves are off-loaded from the tube trailer and when empty^^ 
are collected and replaced by full ones. This method has minimal losses associated with it 
(basehne value set at 0.1% per day). Hydrogen is also lost when transported by pipeline. 
Values for this could not be obtained, so an estimate was used (baseline value set at 0.2% 
per day). 
It must be noted that flow rate at every stage in the model is not equal to the capacity 
required. The capacity required (for each piece of equipment) is the flow rate divided by the 
load factor (see chapter 3 section 3.6.3). 
4.3.2 Assumed Quantities for Hydrogen Storage 
The quantity of hydrogen to be stored, either on the refuelling or production site, depends 
on the flow rate of hydrogen, and the number of days of storage required. The number of 
storage days required, in turn, depends on how the hydrogen is being delivered and/or 
Not all the compressed hydrogen can be extracted from the cylinders (see section 4.2.5.2). 
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stored. Already there are industry norms associated with number of days of storage. The 
values used in the models are listed in table 4.3a. 
In the case of off-site refuelling stations, the number of storage days on the refuelling site 
depends partly on the mode of transportation, as can be seen from table 4.3a, and for CH2 
partly on the method of dispensing. As explained in section 4.2.6.2, the CH2 dispensing pait 
of the model has been based on a CH2 bus depot refuelling station in Hackney, London. At 
this site, the 'drop and swap method is used', i.e. hydrogen is cascaded straight from the 
tube trailer cyhnders to partly fill the buses, and then they are topped up using hydrogen at 
a much higher pressure (450 bar) from a buffer storage on the site (Roach 2005). The 
capacity of the buffer storage on this site was equal to 20% of the overall output (equivalent 
to 0.2 days of storage). This was also approximately equal to the average amount of 
hydrogen required for the refueUing of one bus at this station. 
Similarly, in the case of the on-site model one day of storage has been assumed (which is 
the industry norm), as well as a buffer storage of 0.2 days in the case of CH2, necessary for 
the method of dispensing modelled (see section 4.2.6.2) 
Table 4.3a: Number of Storage Days 
Site Conditions No. of Storage Days Source 
Production 
LH] Storage Prior to 
Road Transportation 
5 - 6 
(Baseline value: 5) 
(Joffe 2005) 
(Ogden 2004) 
CH2 Storage Prior to 
Road Transportation 2 (Joffe 2005) 
CH] Storage Prior to 
Pipeline Transport 0.5 (Joffe 2005) 
Refuelling 




1* (Joffe 2005) 
CH2 Following Pipeline 
Transport 0-0.5 
(Lasher, James et 
al. 2004) 
(Joffe 2005) 
Buffer Storage 0.2** (Joffe 2005) 
* In the case of off-site refuelling, this storage capacity has to be at least equal to the size of the delivery 
tanker/trailer. 
** This storage capacity has to be at least equal to the max. fuel requirement of one vehicle. 
4.3.3 Compression and Storage Options on the Production Site 
In the case of compressed hydrogen, as well as the quantity of hydrogen storage on a 
particular site, the pressure at which the hydrogen is stored is also a factor which affects 
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costs. Generally, the higher the pressure of storage, the higher the costs will be (see section 
4.2.2.1). 
For off-site refuelling sites, as discussed in the previous section, the hydrogen is used from 
the tube trailer cyhnders, which start at a pressure of 228 bar, and fall to around 100 bar as 
the hydrogen is cascaded off. The cylinders are taken away once the hydrogen reaches this 
latter pressure (Roach 2005). The buffer storage at this site is at 450 bar, which is the 
standard pressure for dispensing into vehicles where the on-board hydrogen pressure is 350 
bar (Guthrie 2005). In the case of on-site refuelling stations, the baseline pressure for 
storage is also set at 228 bar (and the buffer storage at 450 bar), in order to make cost 
comparisons possible. 
At the off-site production site a number of options present themselves with regard to 
storage and pressure. The pressure of CH; storage can be linked to the mode of 
transportation. If the hydrogen is to be transported by pipeline, it needs to be at a pressure 
of 30 bar prior to transportation, if it is to be transported by tube trailer, it needs to be at 
around 300 bar prior to filling up the tube-trailers (see section 4.2.5). The question here is, 
would it be less costly for the hydrogen to be stored at a 'lower' pressure and then 
compressed further before transportation - particularly with regard to road transportation? 
One option will have higher storage costs, and the other higher compression costs. 
In order to find the answers to this question, some preliminary analyses where the costs of 
the different options were compared needed to be canied out. These analyses and their 
results are described in chapter 6, section 6.4.1.1. The results showed that it was less costly 
to store the hydrogen at 200 bar on the production site, and to then compress it to around 
300 bar^^ in order to fill the tube trailers for transportation at 228 bar. 
4.4 Summary and Links to Other Chapters 
This chapter is the second of the three methodology chapters in this thesis. Whereas chapter 
3 is an overview of all the tasks undertaken towards the completion of this thesis, this 
chapter gives detailed descriptions of the models (used to carry out the analyses) and their 
construction. The modelling of each of the processes and technologies is described and any 
equations used (for capital or running costs or any other factors) are given. The sources of 
The higher pressure is required to compensate for the pressure losses when filHng up the cylinders. 
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data are also given, and where ever a choice had to be made (with regard to using a source 
of data) the reasons behind it are stated. It must be noted that the reasons behind the choice 
of technologies modelled are not given in this chapter but are discussed in chapter 3, as are 
the choice of baseline values for some key parameters (such as discount rate and load 
factor). 
The models (both on-site and off-site) described in this chapter are used to carry out the 
static (or non-time-related) analyses which are described in chapter 7. A number of 
production-delivery pathways can be analysed by the models (as mentioned in section 4.1); 
however not all of these pathways have been included in the analyses in chapter 7, as they 
were found to be unrealistic in practice (see chapter 7, section 7.2.1). 
Before embarking on the analyses described in chapter 7, the construction of the models 
had to be refined through an iterative process, which is described in chapter 6. As 
mentioned in section 4.3.3, one feature that had to be fine-tuned was the level of 
compression and storage of hydrogen at the production site in the case of the off-site model. 
The other important factor which has been explored in chapter 6 is the effect of changing 
the structure of the pipeline on the unit cost of hydrogen. 
Chapter 5, which is the last of the three methodology chapters, describes the features that 
needed to be added onto the static models (described in this chapter) in order to be able to 
carry out the time-related analyses. 
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Chapter 5: Adding the Time Element 
5.0 Introduction 
This thesis analyses the effects of the following factors on the unit cost of hydrogen over 
time: 
• Level of demand and rate of demand growth 
• Changes in costs of hydrogen equipment 
• Changes in energy prices 
Other factors can also change over time, such as cost of land, discount rate, etc.; the three 
factors considered here were chosen because of their high potential effect on the unit cost 
of hydrogen (see sensitivity analysis, chapter 9) and likehhood of change. A number of 
scenarios have been constructed to examine these effects. These scenarios are referred to as 
'time-related' scenarios, in order to distinguish them from other scenarios analysed in the 
thesis. 
As the analysis of hydrogen demand (in the transport sector) is beyond the scope of this 
thesis, the demand curves over time have been based on information from a recent MSc 
project carried out at the same department at Imperial College (Contestable 2003). 
Similarly changes in energy prices over time have been based on another parallel project at 
the college (Joffe, Hart et al. 2003), (Joffe 2005). These are described in sections 5.1 and 
5.3 below. 
Two key factors that can reduce the costs of hydrogen equipment are technological 
development and an increase in production volumes. The parameters that could change as a 
result of these factors are discussed in section 5.2. 
The structure and operation of the models were changed extensively in order to convert 
them to give costs over-time for the hydrogen infrastructure being built (in this case on an 
annual basis); i.e. to change the models from their 'static' state to a 'time-related' state. 
The assumptions made, with regard to the changes in the parameters over time, as well as 
the adjustments made to the models in order to take these changes into consideration on an 
annual basis, are described in sections 5.1 to 5.3 of this chapter. Section 5.4 describes the 
overall changes to the structure and operation of the models. 
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The period considered in this analysis is 2007 to 2025. The short-term is generally assumed 
to be 5 to 10 years and the long term 10 to 20 years. 
5.1 Level of Hydrogen Demand over Time 
The most important assumption made here with regard to demand for hydrogen in London 
(for road transport) is that in the first few years, it is only London buses that will be using 
hydrogen. This is a likely scenario for the following reasons: 
buses have a known route and so their demand for hydrogen can be easily 
estimated by those who run them; 
buses are large enough to store sufficient compressed hydrogen on board 
for a round trip back to the depot, where they can refuel; 
there has already been a pilot project (part of the CUTE programme^^) 
looking at the operation of 3 hydrogen buses in London. 
In order to develop an early hydrogen infrastructure for buses in London, both political and 
industry support would be required. The pilot project for the three hydrogen buses is 
evidence that some level of support from both industry and local authorities has already 
been established. 
It is also possible that fleet vehicles other than buses will start using hydrogen in the latter 
part of the time-period considered (2007 to 2025). However, this may need some financial 
incentives, such as capital grants to fleet vehicle operators. Therefore the assumption that 
only buses will be using hydrogen till 2025 may seem conservative, but quite realistic 
nevertheless. 
As noted the level of hydrogen demand from buses in London, used in the analyses, is 
based on the data from an MSc project carried out at Imperial College, at the same time as 
this thesis was in progress (Contestable 2003). Some relevant modifications have been 
made to the latter data by David Joffe who used them in research into hydrogen 
infrastructure (running in parallel with this thesis) also at Imperial College (Joffe 2005). 
The following section describes the data used and the assumptions behind them in more 
detail. 
The CUTE programme which is financed by the European Commission, started in 2004 and ended in 2005, 
but because of its great success it was extended under the HYFLEET-CUTE programme which went on till 
January 2007 (httD://www.global-hvdrogen-bus-platform.com/ (accessed on 10/2/07)). 
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5.1.1 Estimating the Hydrogen Demand from Buses in London 
The Contestabile (2003) MSc project consisted of the derivation of levels of hydrogen 
demand over a period of time, based on the introduction of fuel cell buses only. David 
Joffe, then modified this work to include ICE hydrogen buses as well, and assumed higher 
fuel efficiencies for both types of buses. The fuel consumption of both types of buses are 
shown in table 5.1a; as can be seen from these figures, the fuel efficiencies are assumed to 
improve a little over time. The estimated uptake of both types of hydrogen buses are shown 
in figure 5.1a. 
The model used for the generation of the data shown in figure 5.1a (Contestabile 2003) 
makes a number of assumptions in order to derive the annual number of buses entering the 
market. This number is essentially dependant on two main factors: 
- the price of a hydrogen bus compared to a diesel bus 
- the price of hydrogen compared to diesel 
A hydrogen bus can only enter the fleet when the cost over its hfetime (that is running cost 
as well as capital cost) is lower than that of a diesel bus. A level of subsidy to the bus 
operators has also been assumed. In the Contestabile (2003) thesis this subsidy differs for 
the scenarios being analysed, but for the base case scenario it is equal to 50% of the cost of 
the fuel cell buses. 
Other key assumptions made in the Contestabile (2003) thesis are as follows: 
- The maximum percentage of hydrogen buses entering the fleet is set at 5% per 
year, which is equal to the annual rate of bus replacement^'^. 
- The buses travel an average of 200km per day, and operate 350 days a year. 
- The hydrogen is produced centrally and transported to the bus depots by truck as 
LH2. Large quantities are assumed to be produced (25 to 250t/d), which means 
that the load factor is very low in the first few years. The hydrogen is assumed to 
therefore cost much more at the first stages (£5/kg), and then go down gradually 
(to 1.2-0.8 £/kg)^^ 
It is assumed that buses have a lifetime of 20 years. 34 
These unit costs are low compared to those derived in this thesis- see figure 7.2c, chapter 7. 
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Figure 5.1a: Estimated Hydrogen Demand from Buses in London 
• ICE 
Source: (Contestable 2003) and (Joffe 2005) 
Table 5.1a: Estimated Number of Hydrogen Buses and Fuel Consumption 
Year 
Number of Buses Hi Requirement per Bus (kg) 
ICE Buses FC Buses ICE Buses FC Buses 
2007 70 0 24.29 0.00 
2008 190 0 23.68 0.00 
2009 340 0 23.24 0.00 
2010 540 10 22.78 20.00 
2011 815 35 22.45 17.14 
2012 1082 68 22.27 14.71 
2013 1345 105 22.16 15.24 
2014 1579 171 22.04 15.20 
2015 1709 341 22.00 14.66 
2016 1817 533 22.01 14.07 
2017 1817 816 22.01 13.73 
2018 1817 1095 22.01 13.70 
2019 1817 1381 22.01 13.61 
2020 1817 1681 22.01 13.56 
2021 1817 1972 22.01 13.49 
2022 1817 2272 22.01 13.47 
2023 1817 2572 22.01 13.45 
2024 1817 2872 22.01 13.44 
2025 1817 3159 22.01 13.42 
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5.1.2 Hydrogen Demand Scenarios 
As stated in the previous section, the hydrogen demand shown in figure 5.1a is based on a 
series of assumptions which affect the cost of the hydrogen and hydrogen buses compared 
to diesel fuel and conventional diesel buses. Two of the assumptions made are rather 
optimistic. Firstly, the costs of hydrogen are assumed to be much lower than that estimated 
in this thesis (as well as a number of recently published reports (Myers, Ariff et al. 2002; 
E4tech 2005; Weinert 2005)). Secondly, a rather substantial level of subsidies has been 
assumed (50% of the cost of the fuel cell buses). In Contestabile (2003) it is shown that 
when the level of subsidies is set at zero, no fuel cell buses will enter the market till 2015. 
A more pessimistic scenario would be one where the level of subsidies was much lower, 
and the price of hydrogen higher. Here, for such a scenario, it is assumed that the level of 
uptake of hydrogen buses is reduced to 30% of that under the optimistic scenario (that 
shown in figure 5.1a) up till 2015, and thereafter (when FC buses are expected to become 
cost-competitive according to the model in (Contestabile 2003)) the percentage increases 
gradually. 
Assuming that the same proportion of ICE buses and FC buses enter the market as in the 
scenario shown in figure 5.1a, the hydrogen demand for the less optimistic scenario 
(referred to as the pessimistic scenario) would be as that shown in figure 5.1b. 
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5.1.3 Addition of Demand Curves to Models 
To incorporate the data associated with the demand flows (shown in figure 5.1b) into the 
models, a worksheet was added to (both the on-site and off-site) models in which data were 
hsted against the corresponding years. One column was for the pessimistic levels of 
demand and one for the optimistic. Links were then established between the level of 
demand in each year and the capacity of the various pieces of equipment (for which the 
model calculates the costs). 
In the static versions of the models the load factor (which is the ratio between the level of 
demand and capacity of the equipment) is an input (with an assumed baseline value of 
70%). In the time-related versions of the models both the level of demand and the capacity 
of the equipment vary with time and are in effect inputs, while the load factor is a 
consequential output of these two parameters. The relationship between demand, capacity 
and load factor is described further in section 5.1.3.1. 
For the construction of any infrastructure two important decisions need to be made, one 
concerning the period of time into the future the infrastructure should be planned and 
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constructed for, and the other concerning the number of refuelling stations that should be 
built in each case. Assumptions made regarding both these factors, which will affect the 
unit cost of hydrogen, are described in the sub-sections that follow. 
Another important assumption is that regarding the lifetime of the infrastructure or plant. 
The baseline value for this is assumed to be 15 years, i.e. all infrastructure commissioned in 
year x, will be decommissioned in year (x+15), and new capacity will be built in its place. 
This value is based on the average lifetime of the most costly equipment, namely the 
production equipment (in this case SMR and alkaline electrolysis) and the liquefier. The 
lifetime values for these range between 13.5 and 20 years (see chapter 4, section 4.2). The 
effect of varying the value of infrastructure lifetime on the unit cost of hydrogen has been 
investigated further (see chapter 8, section 8.1.2). 
5.1.3.1 Planning and Commissioning Interval 
The levels of demand in the demand scenarios described in section 5.1.2 have been forecast 
for the years in question. In a real situation, energy/transport planners would have to 
construct the infrastructure in such a way that it would be sufficient to meet demand in, at 
least, the near future. The period of time in the future for which infrastructure is constructed 
is referred to here as the planning and commissioning interval (or just the commissioning 
interval (CI)). For example to meet a demand of 12 t/d of hydrogen in 2010, if the 
commissioning interval is 4 years, that means a capacity of 12t/d, minus the existing 
capacity, has to be commissioned in 2006. 
The length of this commissioning interval will have a direct effect on the load factor of the 
equipment. As shown in figures 5.1c and 5.Id, the lower the commissioning interval (CI) 
the lesser the fluctuations in load factor will be^^. Furthermore, the lower the 
commissioning interval the closer the level of predicted demand will be to the output 
capacity of the equipment- hence the higher the load factor will be. It would therefore be 
expected that the lower the commissioning interval the lower the unit cost of hydrogen 
would be. The effect of the commissioning interval on the unit cost of hydrogen is 
investigated further in chapter 8, section 8.3.1. 
The troughs, or dips in these curves are a result of decommissioning of equipment prior to new ones 
coming on hne. 
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The baseline value chosen for the commissioning interval in the analyses is 4 years. 













•Load Factor: Cl=4 years 
- Load Factor: Cl=2 years 
Load Factor: Cl=6 years 
Year 
Figure S.l.d: Effect of Commissioning Interval on Capacity 
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5.1.3.2 Number and Sizes of Refuelling Stations 
As well as the length of the commissioning interval, another important assumption made in 
the time-related analysis with regard to demand and capacities, is the size and number of 
the refuelling stations. In other words, if a total capacity of 10 t/d is required should ten It/d 
stations be constructed, or should twenty 0.5 t/d stations be constructed? 
As shown in section 7.2.1.1 in chapter 7, the number and size of refuelhng stations can 
have a significant effect on the unit cost of hydrogen delivered. However, as these 
parameters are kept constant in the comparisons made between the various delivery 
options, their effect can be discounted. 
The base case assumptions made are as follows: 
for on-site refuelling stations the number refuelling stations is 3 for each 
commissioning period (of 1 year). 
for off-site refuelling stations the number of refuelling stations is 10 for each 
commissioning period (of 4 years). 
These values were chosen so that the sizes of refuelling stations would be kept within a 
plausible range for London bus depots, which can house between 9 to 237 buses (Joffe, 
Hart et al. 2003). For the demand forecasts considered the new (off-site) infrastructure to be 
built is not higher than around 39 t/d for a commission interval of 4 years; this means that 
at any time, the largest refuelling station to be built will be in the region of 3.9t/d, which is 
a good upper limit (can supply a maximum of around 195 hydrogen buses). For a 
commission interval of 1 year in the case of the on-stie model the largest refuelling station 
built will be around 5.0 t/d, which is still a reasonable upper limit (can supply around 250 
hydrogen buses). 
The above assumptions result in a reasonably plausible pattern of refuelling station sizes 
and numbers, with regard to the hydrogen infrastructure development. This pattern is 
illustrated in figure 5.1e.For the optimistic scenario, where demand is forecast to grow 
faster in the first five years, the size of the refuelling stations is greater; for the pessimistic 
option the reverse is true. A similar pattern results for a commissioning interval of 2 years, 
as shown in figure 5. If. 
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It must be noted that in the case of an off-site infrastructure, the capacity of the production 
site is equal to the sum of all the refuelling station capacities (built in one commissioning 
interval). The commissioning interval therefore has a bigger impact on the production site 
capacity and hence unit cost of production. The lower the commissioning interval the 
smaller the production site capacities will be, which leads to higher unit production costs. 
This effect is investigated further in section 8.3.1, chapter 8. 
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Note; In each case ten stations are built in every commissioning year. 
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Year of Commissioning 
Note; In each case ten stations are built in every commissioning year. 
5.2 Changes in Hydrogen Processes over Time 
Over the time period considered (2007 to 2025) a number of parameters in the models are 
likely to change which will affect the capital and running costs of hydrogen infrastructure 
equipment. Of these, the most important factors, i.e. those that are likely to lead to the 
biggest impact on hydrogen costs, are the following; 
• Capital costs of equipment 
• Energy efficiency of processes 
• Energy prices: natural gas and electricity 
Other factors, such as labour costs are also likely to change over time, but these will have a 
lesser effect, as shown in the sensitivity analysis in chapter 9. 
In the next sub-section the factors that are likely to change the capital costs of the 
equipment are discussed. The assumptions and methods of estimating the level of change in 
capital costs and efficiencies of the different hydrogen processes are described. 
Assumptions regarding energy price changes over time are discussed in section 5.3. 
5.2.1 Capital Costs and Learning Curves 
The concept of learning curves (sometimes referred to as experience or progress curves), or 
'learning by doing', was developed in the 1930s. The principle behind this concept is that 
174 
experience leads to reductions in cost, i.e. increases in the manufacturing, marketing and 
selling of a product can reduce its cost, and in most cases, if the markets are reasonably 
competitive, its price. 
Learning curves or progress curves represent a combination of a number of effects causing 
the reduction in the cost of a particular technology. These effects are commonly considered 
to include the foliowing^^ (Papineau 2006): 
• Improvements in technology/process 
• Increase in production volume 
• Labour learning 
• Managerial learning 
• Product standardisation 
A learning curve generally shows progress, which is typically measured in terms of 
reduction in the unit cost (or price) of a product as a function of experience gained from 
increase in cumulative capacity, output or labour. In their most common form learning 
curves define the unit cost (or price) of a product as a power function of a learning source 
(i.e. cumulative capacity, output or labour) (Jamasb 2007). The latter type of learning curve 
is referred to as a single-factor learning curve. Many argue that this type of learning curve 
does not take important effects such as the influence of R&D spending on unit cost into 
consideration. More recent studies have extended the concept of learning curves to two-
factor ones which do take R&D spending into account (Jamasb 2007). 
A common way of expressing the learning effect, in each case, is through the learning rate. 
The learning rate is the percentage cost reduction for each doubling of the cumulative 
capacity (or other measure of experience gained). 
Although there are a number of studies on learning curves and learning rates, there are none 
which specifically deal with these issues related to hydrogen infrastructure equipment. One 
study does however make an attempt^^ at estimating learning rates for such equipment, 
based on learning rates for other products (Thomas, James et al. 1997). One of the studies 
Not all estimations of learning curves take all of the above-mentioned factors into account. This tends to be 
one of the reasons for variations in shapes of learning curves for the same types of products (McDonald and 
Schrattenholzer 2001). 
Hydrogen infrastructure equipment manufacturers have also made significant inputs into the estimations in 
this study. 
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discussed in the latter report has found (from 22 field studies) that many products have 
progress ratios ranging between 70 to 90%, which means that their learning rates lie 
between 10 to 30%^^, (Dutton and Thomas 1984). The graph from this latter report is 
shown in figure 5.2a. 











Source: (Dutton and Thomas 1984) 
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Another study (McDonald and Schrattenholzer 2001) shows that the range of learning rates 
for a variety of energy related products is similar to those for products from other 
industries: the median for energy products is 16 to 17%, and for other products it is 19 to 
20%. The McDonald and Schrattenholzer report (as well as others on learning curves) 
suggests that learning rates should be used with caution. It is explained that the differences 
in learning rate estimations could be due to a number of factors, including inconsistencies 
in the accumulated data, e.g. in some cases prices have been considered not costs, or 
sometimes effects of economies of scale have not been included. The study concludes that, 
although more research is required, a learning rate of 17% is a good estimate for long-term 
energy models (this equates to a progress ratio of 83%). 
Learning rate as a percentage is 100 minus the progress ratio. 
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The learning rates or progress ratios discussed in the studies mentioned above (as well as 
others) are only estimates and somewhat generic, but give some idea of the possible range 
of values. Discussions with experts in the hydrogen infrastructure industry revealed further 
insights into possible future influences on capital costs. In summary, from the publications 
on learning curves, and information from industry experts, it was confirmed that the five 
factors mentioned above that make up the learning effects (technology improvement, 
increase in production volume, standardisation, etc.) could themselves be affected by a 
number of other parameters. These include: 
• Level of commercialisation and market development 
• Emergence of a new (competing) technology 
• Availability (and hence price) of raw materials 
• R&D spending and other fiscal measures 
For example, it is important to know how developed a market for a certain product is. A 
product in its early stages of market entry is more likely to benefit from the effects of 
economies of scale and standardisation than one that has been on the market for several 
years. 
Section 5.2.2 discusses the factors that are likely to affect the progress ratios for the various 
pieces of equipment considered in the thesis. 
5.2.2 Technology and Market Developments that Could Affect Future Capital Costs 
Although the use of hydrogen for transport is in its early stages of industry development, 
certain trends have already become apparent. One such trend is the increase in the on-board 
storage pressure for hydrogen cars, from the current 350 bar to 700bar, as indicated by the 
industry and research and development institutes ((Traeger 2005), (Lasher, James et al. 
2004), (Guthrie 2005)). This and other factors will affect the technological developments of 
the various pieces of equipment, and so their price. In this section the key developments 
and trends influencing the costs of the different pieces of equipment are discussed, and their 
effects are analysed. 
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Hydrogen Production 
As mentioned above, the prices of SMRs have actually increased in the past ten years. In 
particular between 2003 and 2005 they experienced a rise of 5-7%, as a result of increases 
in steel prices (Downey 2005). This increase in steel prices (partly due to increases in 
demand and partly due to increases in costs of raw materials and energy) has continued 
since 2005 and is expected to continue, at least in the short term 
(http://www.meps.co.uk/hnews.htm. accessed on 10/4/07). 
Technology development, on the other hand, is expected to drive prices down, particularly 
with respect to small SMRs. A recently commercialised technology for small SMRs (<0.4 
t/d) is expected to cost between 25 to 50% less than those on the market today (Lomas 
2005), (Weinert 2005). The difference with these new types of SMRs, is that they are not 
simply small versions of the large ones, but have their own more specialised design. This 
specialisation has cut costs and improved their efficiency. 
The capital costs of these new types of SMRs are shown in figure 5.2b alongside the costs 
used in the model (from Company 1 (see chapter 4, section 4.2.1)). Also shown on this 
graph is the estimated effect of large scale production on the capital costs of small SMRs. 
Large quantities here range from 1000s to 10,000s, and as can be seen from the graph can 
potentially reduce the capital cost to less than one tenth of current costs. However, as stated 
by one industry expert, production volumes and unit sales are very low at present, so low 
that increases in their sales are only expected to reduce costs by around 2 to 3% in the near 
future. 
As well as technology development, and an increase in production quantities, the 
standardisation of small SMR plants is thought by one industry expert to have the potential 
to save as much as 12- 15 % (Downey 2005) in engineering costs. 
On the other hand, SMRs larger than 5 t/d seem unlikely to benefit in the same way from 
technology development, high volume production or standardisation. Firstly, there is no 
evidence of an imminent development in technology that will bring down their cost. And 
secondly, their demand is not expected to be sufficiently high as to trigger large volume 
production. In addition, according to industry specialists, they will most probably be 
custom-designed, in order to meet specific site requirements. 
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With regard to electrolysers, PEM electrolysers are thought more likely to experience a fall 
in their prices, as they are at an earlier stage of commercialisation. Alkaline electrolysers 
have been used in industry (for the production of ammonia) since the eaiiy 20'*^  century (H-
SAPs 2001), while PEM electrolysers reached commercialisation between 2002 and 2003. 
There is much potential, in terms of cost reduction, through increases in production 
volumes of both types of electrolysers. One source (H-SAPs 2001) states that lai'ge 
production volumes of 100s and 1000s could reduce stack costs to one ninth. As in the case 
of small SMRs, this will most probably occur in the medium to long term, along with 
increases in demand. 
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Hydrogen Storage 
The first type of storage cylinders used for compressed hydrogen were made of steel. 
Today, other types of cylinders are also commercially available. As mentioned in chapter 3 
and 4, they are made of aluminium and carbon composite. Although they are currently 
more expensive than the steel storage cylinders, they allow for the storage of hydrogen at 
much higher pressures, and are much lighter to transport. Less costly types, made of steel 
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and carbon composite also exist; these latter types have costs similar to steel storage 
cylinders, while being 30% hghter (Lomas 2005). Composite storage cylinders are being 
used more and more, as demand for the storage of hydrogen at higher pressures increases. 
This can be expected to lead to increased production quantities and a fall in prices. 
One report suggests that manufactures are aiming to reduce the cost of composite storage 
vessels to half the cost of an equivalent steel storage vessel by 2015 (H-SAPs 2001). This 
may be difficult as (like steel) the price of carbon fibre is high at present due to a high 
demand worldwide for this product (Ko 2005). Consequently research is in progress to find 
out how the quantity of carbon fibre required can be reduced. Opinion is divided regarding 
the potential for cost reduction of carbon fibre storage cylinders. However, overall, experts 
in the industry think that in the light of the research in progress in a number of institutions 
and companies, and the fact that composite cylinders are relatively new to the market, there 
is more potential in cutting down costs of composite cyhnders than steel ones (Webster 
2005), (Lomas 2005). 
Taking all the above factors into consideration, the price of hydrogen storage cylinders 
seems likely to experience a fall, but not a substantial one in the short to medium term. 
Liquid hydrogen storage has been and is expected to remain in speciahsed well-insulated 
steel storage tanks. Research and development leading to the reduction in capital costs may 
be in progress, resulting in a possible fall in prices in the medium to long term. Similar 
effects can be expected from increases in production volumes. However, as hquid hydrogen 
storage is less costly compared to CH2 storage (per unit of hydrogen stored), there is less of 
an incentive to reduce the cost of the former. In the short to medium term therefore, very 
little cost reduction is expected with regard to LH2 storage tanks (Lasher, James et al. 
2004). 
Other methods of hydrogen storage, such as metal hydrides, are close to commercialisation 
(see section 3.3.2, chapter 3). It is likely that these will also enter the market over the time 




There are two main types of compressors, reciprocating and diaphragm, used for hydrogen 
compression on the market today. As mentioned in chapters 3 and 4, reciprocating 
compressors are currently less expensive than diaphragm compressors, and the costs of the 
former are used in the modelling analyses. However, of the two, diaphragm compressors 
are relatively new to the market and so have a greater potential for cost reduction. 
Diaphragm compressors are expected to be used more and more in the future as they have 
higher compression ratios and so are more suitable for the high pressures expected to be 
required for storage and dispensing of hydrogen in the near future. The capital cost of 
diaphragm compressors is thought likely to fall by 30% in the near future (5-10 years) as 
production volumes increase (Lomas 2005). This will bring their costs down to about the 
same level as reciprocating compressors. 
From the above it can be concluded that in the short to medium term, the overall capital 
cost of compressors is not likely to fall. In the long term, however, particularly if 
diaphragm compressors increase their market share, increases in volume production may 
cause some fall in prices. 
Hydrogen Liquefiers 
Hydrogen liquefaction is one of the most costly of the hydrogen infrastructure processes. 
This is partly due to its high capital cost, particularly at small capacities, and partly due to 
the high energy consumption. As mentioned in chapters 3 and 4, it has been difficult to 
obtain information regarding hydrogen liquefaction from manufacturers, so little was found 
regarding current development and/or any likely technological breakthroughs that may 
reduce capital or energy costs. Nevertheless, since liquefaction is a very costly process a 
number of companies and institutions are involved in (some commercially confidential) 
research and development which can be assumed to lead to cost reductions in the future. 
Although demand for hydrogen liquefiers is likely to increase as demand for hydrogen 
increases, large volume production cannot be expected. Since, as noted above, small 
Uquefiers have very high unit costs (see also chapter 4) the larger liquefiers are likely to be 
more in demand. However, just as with large SMRs, large liquefiers will not be sold in 




As mentioned in chapter 4, the cost of hydrogen tube trailers and liquid tankers has gone up 
in recent years, mainly due to the increase in the price of steel. Over time the price of these 
vehicles may fall as larger numbers are manufactured. They already benefit to some extent 
from having standard sizes and modular designs. It is difficult to say, however, whether 
overall their prices will go up or down in the near future, as the price of steel may continue 
to increase (http://www.meps.co.uk/hnews.htm, accessed on 10/4/07). 
It is also difficult to assess what may happen to the cost of hydrogen pipeline installation in 
the future. These pipelines are also made of steel, but may benefit from increasing 
production volumes. However, the cost of materials is only a fraction of the overall 
installation costs (in a city like London, it is estimated to be no more than 5 to 10% of total 
cost of installation, based on the equation and data in section 4.2.5.3, chapter 4). It is, 
therefore, more likely that the price of pipeline installation will stay roughly constant in real 
terms for the near future. 
It is not possible to extract from data found in the literature whether the price of hydrogen 
dispensers, pumps and vaporisers have gone up or down in recent years. There appears to 
be a wide price range for dispensers, which to a great extent depends on the level of 
automation. Because of the insufficient numbers of similar dispensers it is difficult to 
establish clear price trends. In any case their price seems likely to fall with large volume 
production and standardisation. The latter seems to be in process already as dispensers of 
similar outputs are now being manufactured. 
5.2.3 Changes to Process Efficiencies over Time 
As well as capital costs, the efficiencies (or energy consumption) of the various processes 
are hkely to change over time. At any point in time the efficiency of a piece of equipment 
can vary with output, type of technology and other technical factors (e.g. for SMRs the 
quantity of steam output required will affect the system efficiency). Therefore, in the case 
of every type of equipment a range of values for efficiencies was found; these are given in 
the tables included in chapter 4, and also listed in table 5.2a below. 
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Industry experts can estimate what efficiency improvements can be achieved within a 
certain time period, based on past experience and available technology know-how. Such 
estimates have been made (regarding hydrogen infrastiucture equipment) for the US 
Department of Energy by the H2A group (Lasher, James et al. 2004) for the period 2005 to 
2015 and used for their future development targets. Table 5.2a lists the estimated 
efficiencies from the H2A group. Because the H2A efficiencies for 2005 are at the high 
end of the scale, any future projections based on these figures may prove somewhat 
optimistic. 
It must be pointed out that technology developments that lead to step changes in efficiency 
improvements can also occur (such as the afore-mentioned new type of small SMRs), but 
are not possible to foresee on any systematic and reliable basis, and hence such 
developments in the future have not been taken into consideration here. 
Table 5.2a also states what changes would have to be made to the model to take account of 
any changes in process efficiencies over time. 
Table 5.2a: Efficiencies of Various Hydrogen Infrastructure Processes 
Process Current range of 
efficiencies** 
H2A efficiency targets; 
2005 to 2015 
Parameters to be changed 
in model annually 
SMR 56.9-68.9% 6 9 ^ 7 3 % SMR NG use* 
Alkaline Elec. 4^0-44 .0% 68 to 77% Alkaline Electrolyser 
electricity use 
PEM Elec. 46.2 -53.5% 6 8 k ^ 7 % PEM Electrolyser 
electricity use 
Compression 5 5 ^ ^ % 65 to 85%*** Compressor efficiency 
Liquefaction Related to output"' Small: 25 to 35%"" 
Large: 40 to 50% 
Equation for liquefaction 
energy use"' 
* Electricity consumption has not been included here, as this is relatively small. 
** These have been taken from the tables in chapter 4; LHV for hydrogen is used for any conversions. 
*** This is for time period 2005 and 2025. 
The electricity consumption by the dispensing equipment is also likely to be reduced, but 
no relevant industry targets could be found for these. However, this electricity consumption 
is minimal compared to the overall costs. There is also the possibility of improvements in 
the fuel consumption by the (ICE) vehicles transporting hydrogen (by road). This 
Here a small liquefier is assumed to be 30 t/d and large one 200 L/d. 
The energy use of a liquefier is related to its output. The equation for this relationship is given in chapter 4 
section 4.2.4. A coefficient needs to be multiplied with the right hand side of the equation reflecting the 
percentage decrease in electricity use, e.g. for a 1% reduction in electricity use this coefficient would be 0.99. 
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improvement was found to be minimal over the period in question at about 1% per year 
(http://ktn.globalwatchonline.com/epicentric portal/site/FuelCellsForuni/menuitem.fdl634 
e307adceb7cccece35ebd001a0/?mode=2, accessed on 10/4/07). In addition, changes in 
transportation vehicle fuel consumption have a negligible effect on the unit cost of 
hydrogen (see sensitivity analysis, section 9.1.4.3, chapter 9). Efficiency changes related to 
the dispensing equipment and the hydrogen transporting vehicles have not been taken into 
account, therefore, in the scenario analyses. 
5.2.4 Assumptions for Optimistic and Pessimistic Scenarios 
This section discusses the development of two scenarios with regard to technology 
development, which were used in the time-related analyses (described in chapter 8). 
Assumptions regarding changes in relevant parameters over time are described, and 
reasoning behind them given. 
Changes in Capital Costs 
As mentioned in section 5.2.1, (Thomas, James et al. 1997) gives progress ratios for some 
of the equipment making up a hydrogen infrastructure, based on the development of other 
products over time. These progress ratios, which have been derived by practitioners in the 
hydrogen industry, are listed in table 5.2b. The information obtained from industry sources 
and other publications (discussed in section 5.2.2) has been combined with the progress 
ratios from (Thomas, James et al. 1997) (where available), in order to estimate progress 
ratios for the short-term and long-term for the various pieces of equipment making up a 
hydrogen infrastructure. These are also hsted in table 5.2b. 
In addition, the levels of commercialisation of products available for the different processes 
are indicated by the following letters: 
E: product at Early stages of commercialisation 
C: product Commerciahsed but not yet widely used 
M: product with a Mature market 
The potential effects of high production volumes and standardisation are also indicated 
where known, in table 5.2b. For products which have been produced to meet demand in 
other markets (e.g. large SMRs, LH^ tankers etc.), the impact of growth in the hydrogen for 
transport market is likely to be less. 
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Table 5.2b: Estimated Progress Ratios 
Process Stage of 
Market 




Estimated Progress Ratios 
Development Volumes (Thomas, 
Short Long James et al. Short-term Long-term 
term term 1997) 
Small SMR"' C/E Low High 85% 85% 75% 
Large SMR C/M Low Med. 95% 85% 
Alkaline Elec. C Low High 80-86%* 90% 80% 
PEM Elec. E Low High 80-86%* 85% 75% 
CH2 Storage C Low High 95% 95% 90% 
LH2 Storage M Low - 95% 90% 
H2 Compression M/C Low Med. 85% 95% 80% 
H2 Liquefaction M Low Med. 95% 85% 
H2 Pipelines C Low Med, 95% 85% 
CH2 Tube trailers M Low Med. 95% 85% 
LHi Tankers M Low Med. 95% 85% 
H2 Dispensing C Low High 85% 95% 80% 
* Depends on size 
Some foreseen effects of technology development, as well as effects of high levels of 
production have been highlighted in the previous section. The level of production of a 
product is essentially driven by the demand for that product. In the case of some of the 
equipment making up a hydrogen infrastructure, demand is related to the number of 
refuelhng stations planned to be built worldwide. The question is, how will the worldwide 
demand for hydrogen refuelling stations grow in the future? 
Hydrogen refuelling stations are currently only being built as part of various pilot or 
demonstration projects, which might be termed the//7-5'r phase of hydrogen infrastructure 
development. A survey carried out by Fuel Cell Today (Crawley 2006) showed that the 
number of hydrogen refuelling stations built annually increased significantly between 1999 
and 2003, from 3 to 27. The report stated that in both 2005 and 2006, 25 refuelling stations 
were expected to be built. While this appears to show a short-term levelling-off in the 
numbers of refuelhng stations being built, it is too short a run of data to allow conclusions 
to be drawn for the long-term. 
Judging by the amount of investment by a number of countries in hydrogen demonstration 
projects (see section 1.2.4, chapter 1) it is quite likely that another (possibly sharp) increase 
will take place, with a new phase of demonstration projects in Europe, U.S. and Japan. 
42 These have capacities lower or equal to 5 t/d. 
185 
Other regions in the world, such as China are also likely to have a surge in demonstration 
hydrogen refuelling stations in the short to mid-term. This second phase in hydrogen 
refuelling station construction could occur any time between 2006 and 2015. 
A potential third phase in refuelling station construction is likely to be for supplying fleets 
of vehicles (e.g. buses and delivery vehicles). These could be partly subsidised by the 
governments in the above-mentioned regions. This third phase could occur any time 
between 2015 and 2025. 
To link the occurrence of the 2"^ and 3'^ '' phases with progress ratios, as a working 
hypothesis it could be assumed that whenever phase 2 and phase 3 occur they each trigger a 
doubling in production volumes (as a definition, progress ratios are the percentage fall in 
cost for each doubling of production volumes). The early arrivals of the two phases could 
be termed an optimistic scenario and later arrivals a pessimistic one. Of course, a number of 
scenarios could be constructed, but for the sake of the analysis here, the following two have 
been assumed. These scenarios have been chosen because they are sufficiently different (in 
order to demonstrate the effects of different rates of technology development- if any), while 
staying within a hkely timeframe (it must be noted that in chapter 8, a further 'very 
optimistic' scenario is also included in the analysis- see section 8.2.1). 
Optimistic scenario: phase 2 results in a doubling of production volumes between 2010 
and 2015, and phase 3 results in a second doubling between 2015 
and 2025. 
Pessimistic scenario: phase 2 results in a doubling of production volumes between 2015 
and 2025, and phase 3 results in a second doubhng between 2025 
and 2035. 
Combining the above dates with the short-term and long-term estimated progress ratios 
Usted in table 5.2b, percentages in price reductions for the optimistic and pessimistic 
scenarios were derived. The progress ratios estimated for the short-term are applied to the 
first period of price reductions (phase 2) and the long-term progress ratios are applied to the 
second period of price reductions (phase 3). As explained in section 5.2.1, a progress ratio 
of e.g. 90% means a cost reduction of 10% for each doubling in production volume. The 
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average annual percentage cost reduction is calculated from the overall cost reduction using 
the following relationship: 
Annual Percentage cost reduction = 1- ((1-R)'^(1/N}) 
Where R is the overall cost reduction, and N is the number of years over which the 
reduction is estimated to occur. 
For example, for an overall cost reduction of 15% between 2010 and 2015, the annual cost 
reduction would be 3.2%. 
Table 5.2c: Annual Percentage Cost Reductions for Optimistic and Pessimistic Scenarios 
Equipment 
Annual Percentage Cost Reductions 
Optimistic 2005-2010 2010-2015 2015-2025 
Pessimistic 2005-2015 2015-2025 2025-2035 
Small SMR 0 3 ^ % 1^% 2^% 
Large SMR 0 0 ^ % 1^% 
Alkaline Elec. 0 2 J % 1^% 22% 
PEM Elec. 0 3^% 1^% 2^% 
CH2 Storage 0 1^% 0 ^ % 
LH2 Storage 0 O j % 
H2 Compression 0 1^% &5% 22% 
H2 Liquefaction 0 1^% 0 ^ % 1^% 
H2 Pipelines 0 1^% O j % l ^ % 
CH2 Tube trailers 0 0 J % 1^% 
LHt Tankers 0 I ^ % 0 ^ % l ^ % 
H2 Dispensing 0 1^% &5% 22% 
It is assumed that from 2005 and the first year for each scenario when phase 2 starts to have 
an effect, the percentage cost reductions remain zero. The effect of inflation is also not 
taken into account, as this is considered to be the same for all types of equipment. 
It is important to note that although certain types of equipment, such as pipelines and large 
SMRs, will not be sold in great numbers in the same way as equipment required at each 
refuelling station, such as storage vessels and dispensers, their production volume is 
assumed to follow the same trend as other pieces of equipment. However, the lower 
expected production volumes are already reflected in their lower percentage cost 
reductions. 
The annual cost reductions are incorporated in the models such that the capital costs of the 
various pieces of equipment are reduced by the specified annual percentages shown in table 
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5.2c. An example of the effect of these cost reductions resulting from the estimated learning 
rates"^ ^ is shown in figure 5.2c below. Not surprisingly, in the optimistic scenaiio capital 
costs start to fall earlier and at a faster rate compared to the pessimistic scenario. 

















Changes in Process Efficiencies 
As discussed in section 5.2.3, there is a range of efficiencies for the various pieces of 
equipment considered. The baseline value for the efficiencies is somewhere in the middle 
of this range. These baseline values used in the models aie listed in table 5.2d. Only four of 
the processes were considered in terms of efficiency changes over time (see section 5.2.3). 
For the pessimistic scenario it was assumed that by 2025, the baseline value for the various 
efficiencies would be equal to the high end of the cunent range of efficiencies. In the case 
of PEM electrolysers, the pessimistic efficiency in 2025 is assumed to be the same as that 
for alkahne cicctrolysers, as this former technology is relatively new, and so a higher level 
of technology development is expected from it over this period. 
43 As noted, learning rate = (100 - progress ratio). 
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For the optimistic scenario, it was assumed that for 2025, the baseline efficiencies would be 
equal to the target efficiency set by the H2A (see table 5.2d). The H2A values were chosen 
for the optimistic scenario as judging from their values for 2005 (by compaiing them to 
data from other industry sources) they seem very optimistic, i.e. H2A efficiencies quoted 
are comparatively high. Furthermore, 'tai-gets' mean that while certain types of that 
equipment, at the forefront of the technology might have those efficiencies, the average 
efficiency would be lower. It is assumed here that efficiencies increase annually, by equal 
increments, between 2005 and 2025. 
Table 5.2d: Assumed Efficiencies for Optimistic and Pessimistic Scenarios 
Process 
Current range of 
efficiencies** 
Baseline efficiency 









SMR* 56.9-68.9% 61.89% 68.9% 73% 
Alkaline Elec. 49^-44 .0% 56.0% 64% 77% 
PEM Elec. 46.2-53.5% 49.6% 64% 77% 
Compression 55 -75% 65% 75% 85% 
Liquefaction Energy use is related to capacity. 
* Electricity consumption has not been included here, as this is relatively small. 
** LHV of hydrogen is used for any conversions 
In the case of liquefiers the energy use varies with capacity, and the following equation 
(Stromberger 2003) is used in the models for this relationship: 
Energy use (kWh/kg) = 19.44* (capacity (t/d)) -0.1041 
According to the H2A targets, in the case of both small and large liquefiers, there is 
expected to be an improvement of 10% in efficiencies by 2015. Based on this, it is assumed 
here that there will be a reduction in energy use of 10% between 2005 and 2025 in the case 
of the optimistic scenario. The above equation in the model is then multiplied by an 
annually changing coefficient to reflect this reduction. For the pessimistic scenario, it is 
assumed that for hquefiers, the reduction in energy use for this period is 5%. 
Other Assumptions 
Labour: 
As noted earlier, it is expected that as the use of hydrogen in transport becomes more 
established, there will be no need for specially trained staff to refuel the hydrogen vehicles 
on the forecourt- the drivers of the vehicles themselves should be able to do the refuelling, 
just as it is done with conventional vehicles today. As it is not known when in the future 
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people will be able to do their own refuelling, in the time-related analyses here, it is 
assumed for simplicity that the number of assistants at each pump is zero. This is done in 
order to take dispensing labour costs out of the equation. In terms of comparisons, this 
simplifying assumption is justifiable, since every hydrogen delivery pathway requires 
dispensing, and so the labour cost would be similar for all pathways delivering the same 
quantity of hydrogen. 
Compressed hydrogen (as opposed to liquefied hydrogen) may need a higher number of 
staff in some cases as more dispensers may be required. But as all the pathways included in 
the time-related analyses end with the dispensing of compressed hydrogen this is not an 
issue here. 
5.3 Changes in Energy Prices over Time 
As mentioned at the beginning of this chapter, the energy price projections over time used 
in the analyses in this thesis are taken from work on a parallel project concerned with the 
technical and environmental aspects of a hydrogen infrastructure in London (Joffe 2005). 
The reason for this is that the time-related analysis had to be coordinated with this latter 
project, and some of the results presented at a workshop (in April 2005). 
There are three types of fuel/energy sources for which price changes over time will be 
considered in the analyses; they are natural gas, electricity, and diesel. As with the other 
time-related projections, energy price projections aie of two types, high and low. These are 
shown in figures 5.3a and 5.3b. Both price projections are linked to oil prices. The low 
energy price projections are based on the EU Energy Outlook from 2001, where it is 
assumed that the price of oil starts at 27.5 $/bbl, and falls gradually to 20.1 $/bbl in 2010, 
and then rises to 25.85 $/bbl in 2025. In the high price scenario it is assumed that the price 
of oil is 53.05 $/bbl in 2007, and rises by 3% in real terms per year to 90.31 $/bbl in 2025. 
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Low Gas Price 
• High Elec. Price 
•High Gas Price 
Although the price of oil has been quite high in recent years (2003-2007) (in the region of 
50 to 70 $/bbl), most analysts believe that these prices will go down in the short term. 
However, in the long term, oil prices are expected to rise as world demand increases'* .^ 
According to the US Energy Information Administration (EIA) Annual Energy Outlook 
(2006), for example, the world price of oil is expected to fall to around 43.5 $/bbl in 2012, 
and then gradually rise to 54 $/bbl by 2025 (www.eia.doe.gov/oiaf/aeo/forecast.htmU 
accessed 1/10/2006). Similarly, the International Energy Agency, in its World Energy 
Outlook 2006, assumes that the crude oil import price would average a little over 60 $/bbl 
and decline to about 47 $/bbl (in real 2005 dollars) by 2012. It is then assumed to rise 
slowly, reaching 55 $/bbl in 2030 (OECD/IEA 2006). 
In the hght of the above oil price projections, the low price scenario assumed here seems 
rather unlikely. The demand for oil would need to be reduced significantly by a major 
switch to other sources of energy if oil prices were to go as low as 20 to 25 
$/bbf ^ .Nevertheless this scenario has been used in the analysis here as the gas and 
Increase in demand for oil is also seen by some to be the cause of the rises in oil prices between 2003 and 
2005- according to these analysts the increase in demand has eliminated the structural surplus capacity 
(created after the second oil price shock of 1979-1983) (Mitchell 2006) . 
However, oil price forecasts are frequently revised, as was the case for the EIA and lEA forecasts between 
2005 and 2006, when they were revised upwards. In previous periods, by contrast, they have also been revised 
downwards significantly. 
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electricity prices needed to be sufficiently different (in the two high and low scenarios) in 
order to demonstrate any changes that could occur in the relative prices of the various 
production-delivery pathways under the two different scenarios. 











• Low Diesel 
Price 
• High Diesel 
Price 
High Natural Gas Price Scenario 
On the first of January 2006, a dispute between Russia and the Ukraine disrupted gas 
supplies to some European countries, and caused an increase in gas prices. This event 
showed that natural gas can be prone to sudden price rises as a result of pohtical pressures 
just as oil prices can (http://news.bbc.co.Uk/l/hi/world/europe/4582652.stm). A likely 
future scenario therefore might be one which involves higher gas prices than those 
considered in the high energy price scenario. This might in turn trigger a move away from 
electricity generation from gas (via combined cycle gas turbines) and towards electricity 
generation from other sources, such as renewables, nuclear and clean coal technologies. 
The implications of such an occurrence would be a relatively high gas price compared to 
electricity prices in the UK. This would bring the cost of hydrogen production from 
electrolysis down relative to hydrogen production from SMR. Therefore it is a time-related 
scenario worth exploring with respect to the effects on the various hydrogen production-
delivery pathways. 
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No energy price projections for such a scenario could be found at the time of writing. In 
order to generate a scenario which could reflect a situation such as that described above it 
has been assumed that gas prices would increase gradually till they reach double what they 
would be under the high energy price scenario (shown in figure 5.3c) in 2010 (an aibitrary 
point in time), and then they would remain at double of those prices. The price of electricity 
has been assumed to follow that predicted in the low energy price scenario. These prices are 
shown in figure 5.3c. 
The price of diesel under this scenario is assumed to be the same as that in the high energy 
price scenario. 
















5.4 Changes to the Model Operation 
As described in section 4.1.1 of chapter 4, the unit cost of hydrogen is calculated by the 
(static) models, by adding up the unit costs (in £/kg of H;) of all the pieces of equipment 
making up the hydrogen infrastructure required (which corresponds to the production-
delivery pathway chosen). The production-delivery pathway required is specified by 
putting 0 or 1 in the appropriate cells in the case of the on-site pathway, and by making 
relevant choices from the menu (shown in figure 4.1a) in the case of the off-site model. In 
addition, in the case of the on-site model the flow rate at the refuelling station has to be 
specified, while in the case of the off-site model the flow rate at the production site has to 
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be specified, as well as the number of refuelling sites. For the off-site case, the distance 
between the production site and the refuelling sites must also be specified before a 
calculation is performed. All other input parameters (such as capital costs of equipment, 
energy prices, load factors, efficiencies etc.) are kept at one value (their baseline value), 
unless diey themselves are under investigation. 
In the time-related analyses, the unit cost of hydrogen has to be calculated for each year, 
from 2007 to 2025. This means that in the case of the on-site model, instead of just 
specifying the flow rate required at one point in time, a list of flow rates (related to the 
estimated demand for hydrogen"^^) corresponding to each year has to be input into the 
model (as discussed in section 5.1). Using a specific macro'^', the model then picks the flow 
rate corresponding to a particular year and calculates the unit cost of hydrogen for that year 
before moving onto the next year and so on. 
As well as the hydrogen demand, factors related to technology development (these include 
capital costs of equipment and process efficiencies, as discussed in section 5.2), and energy 
prices (price of NG, electricity and diesel, as discussed in section 5.3) also have different 
values for each year within the period of analysis. The macro, within the model, picks out 
the values corresponding to a particular year (starting from 2007 and ending at 2025), for 
all these parameters, and then the unit cost of hydrogen for that year is calculated before 
moving onto the calculation for the next year. 
As discussed in sections 5.1 to 5.3, there are at least two sets of values for annual flow rates 
(related to hydrogen demand), parameters affected by technology development and energy 
prices- these correspond to, for example fast and slow rates of technology development. 
The time-related models are constructed such that different sets of data can be chosen in 
order to construct the scenarios in the analyses described in chapter 8 (e.g. HHL, or HLL 
etc., see section 8.1.1). The latter is done by putting 0 or 1 in appropriate cells. 
The above description of model operation is for the on-site model. This operation is more 
or less the same for the off-site model. The macros within the off-site model are very 
^ The relationship between the flow rate at each station, for which the cost is calculated, and the estimated 
annual demand for hydrogen is affected by a number of factors and has already been discussed in section 
5.1.3. 
Macros are short programs written within Microsoft Excel which when run will perform certain functions. 
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similar to those in the on-site model, i.e. their function is to link up the appropriate values 
for the parameters (which change annually) to the year for which the calculation is being 
performed. There are two main differences between the structure and input parameters for 
the off-site model compared to the on-site model however. The first is that the flow rate at 
the production site is directly related to the estimated demand for hydrogen, while the flow 
rates at the refuelling stations are a fraction of the latter, depending on the number and sizes 
of the stations (as described in section 5.1.3.2). Secondly, in the case of the off-site model, 
costs of transporting hydrogen between the production and refuelling sites must also be 
included within the unit cost of hydrogen, and the effect of changing the transportation 
distance on this unit cost must be analysed (see section 8.3.3, chapter 8). 
5.5 Summary and Concluding Remarks 
Chapter 5 is the last of the chapters in part II of this thesis and deals with the methodology 
behind the time-related analysis in this thesis, which examines how the cost of hydrogen 
from the various production-delivery pathways can change over time- particularly in 
relation to each other. 
As mentioned in the introduction to this chapter, the time-related analysis in this thesis 
investigates the effects of three key factors on the unit cost of hydrogen from various 
production-delivery pathways. These are level and rate of growth of demand for hydrogen, 
developments in the related technologies, and the energy prices (NG, electricity and diesel). 
Because the level and rate at which these three factors could change over time could only 
be estimated, high and low assumptions regarding the level and rate of change of all three 
factors have had to be made, from which related scenarios have been constructed. In this 
chapter the assumptions used in the case of each scenario have been described and the data 
on which the assumptions have been based are shown. 
The time-related models have been constructed by making changes to the 'static' models. 
These changes have to occur on an annual basis in order for the models to generate unit 
hydrogen cost figures for each of the years over the period of analysis (2007-2025). The 
changes that had to be made to certain input parameters (in the static models) in order to 
create the time-related models are described in the three different sections of this chapter 
(5.1 to 5.3). These adjustments were relatively straight-forward for the changes in energy 
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prices, and technology development (the latter translated into annual changes in capital 
costs and/or efficiencies of certain pieces of equipment). Adjustments related to the level 
and rate of growth of demand for hydrogen were more complicated as factors such as 
planning and construction intervals and decommissioning periods had to be considered, as 
well as sizes and numbers of refuelling stations built in each year (see section 5.1). 
As well as certain input parameters, the operation of the 'static' models had to be changed 
in order to create the time-related models. These latter changes are described in section 5.4. 
Altogether, the adjustments that have been described in this chapter, relate to seven 
different time-related scenarios; two for levels and rates of growth of demand, two for rates 
of technology development and three for energy prices. A further time-related scenaiio was 
added to this group with regard to rate of technology development- this scenario is 
described in chapter 8 (section 8.2.1). The addition of this latter scenario was found to be 
necessary following the results from the other two technology development scenarios. 
Chapter 8 includes the analysis of all the time-related scenarios, and the comparison of the 
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Part in: Analysis of Modelling Results 
Chapter 6: Introduction and Preliminary Analyses Using Hydrogen 
Infrastructure Models 
6.0 Introduction 
This chapter sets out the main aims of the analyses carried out in part III of this thesis 
(which includes chapters 6, 7, 8 and 9), and describes the scope of the analyses which have 
been carried out with both the on-site and off-site versions of the model, in static and in 
time-related modes. The logic and reasoning behind specific analyses is also described: 
some of these stem from the literature review carried out at the beginning of the project and 
some from subsequent discussions with industry experts. Furthermore, in running the 
models, the analyses themselves (in particular the preliminary analyses) have often shown 
where the next area of investigation should be. 
The baseline values used for the various inputs in the models are discussed briefly in 
section 6.3. The method and logic behind selecting these values is described. These 
baseline values and possible deviations from them have also been discussed in chapters 3, 4 
and 9. 
Finally, chapter 6 includes the description of the analyses carried out with different versions 
of the off-site model, in order to find the most appropriate model structure and set-up. 
These are referred to as the prehminary analyses, the results of which determine the final 
structure of the off-site model. 
6.1 Aims and Scope of the Model Analyses 
6.1.1 Aims of the Analyses 
The main aims of the analyses carried out in part III of this thesis are as follows: 
1) to explore least cost production-delivery pathway(s) for both on-site and off-site 
hydrogen refuelling; 
2) to explore appropriate least-cost pathway(s) for an early hydrogen infrastructure 
in London, as apphcable to a group of bus depots; 
3) to identify the important factors which affect the choice between the various 
production-delivery pathways for an early hydrogen infrastructure; 
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4) to assess the effects of time-related factors such as technology development, 
energy price changes, and rate of demand growth on the costs of the various 
hydrogen production-delivery pathways; 
5) to gauge the sensitivity of the model outputs to variations in each of the input 
parameters and estimate uncertainties in order to show the robustness of the 
results obtained. 
It is important to note that the number of hydrogen production-delivery pathways analysed 
is limited to the technologies covered by the models. For example, only three types of 
hydrogen production technologies are included, and two methods of hydrogen storage. 
In addition, with regard to the third aim hsted above, it must be noted that there are a 
number of non-financial factors that affect the choices between the various production-
delivery pathways. Although this study focuses on the financial aspects, wherever other 
factors could be at play, these are flagged and discussed briefly. 
6.1.2 Scope of Analysis of the On-site and Off-site models 
As described in part II, the models represent two main refuelling structures, off-site and on-
site. For each of these modes, two versions of the models were constructed, static and time-
related. This has allowed both analyses of production-delivery pathways at a point in time, 
and those that change over time. Chapter 7 is concerned with the static analyses, while 
chapter 8 covers the time-related analyses. 
The scope of analysis using the models is very wide, as it is possible to change almost 
every single input parameter within the models separately. One could change each 
parameter by a certain range, for every production-dehvery pathway and see how this 
affects the unit cost of hydrogen. However, although this is the method used for the 
sensitivity analysis, it is not an efficient way of assessing which production-delivery 
pathways are the least cost ones. A more systematic approach has been taken with regard to 
the latter, based on the limits of the models and the logic discussed in section 6.2 below. 
In chapter 7, first the production-dehvery pathways which can be analysed by both the on-
site and off-site models are identified. A range of flow rates (or hydrogen demand) for each 
refuelling station for analysis (appropriate for a newly developing hydrogen infrastructure 
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in London), has also been identified. The range of transportation distances between the 
production and refuelling sites to be analysed has been chosen in a similar way. And finally 
the types of analyses have been identified; they fall into two categories: one is that of 
comparing the overall costs of the different pathways (for each level of hydrogen demand) 
and the other is looking at the constituent costs for each production-delivery pathway. 
These analyses have been carried out side by side. 
As the main aim of the analyses is to identify potential least cost production-delivery 
pathways, much of the investigation and discussion concerns this type of analysis. 
Wherever one particular pathway seems likely to be the least cost one, reasons for this 
outcome are given. Furthermore, if two pathways are very close in cost, factors which may 
make one more costly than the other are examined and discussed. 
The time-related analysis, discussed in chapter 8, also focuses on the least-cost aspects of 
the different production delivery pathways. Here instead of changing key logistic factors 
which affect the unit cost of hydrogen, such as flow rate of hydrogen and distance for 
transportation, and observing the changes in unit cost, certain assumptions are made under 
various scenarios and the cost of the different pathways over time are compared with each 
other. The assumptions made under the various scenarios (as explained in chapter 5) 
concern different rates of change in three key factors, the level and rate of growth in 
demand for hydrogen, the rate of technology development and changes in energy prices. 
The scenarios are constructed such that the effects of at least two sufficiently different rates 
of change in each of the three key factors are compared. 
Chapter 9 includes both a sensitivity analysis and an uncertainty analysis. It has not been 
possible, using the models, to do a thorough uncertainty analysis, using commonly used 
methods such as the Monte-Carlo method. The main reason for this has been the lack of 
availability of sufficient ranges of data of the kind required for this type of analysis (see 
section 9.2.2, chapter 9). The uncertainties given in chapter 9 have been derived using 
simpler methods, and are likely to be over-estimations. 
6.2 The Logic behind the Analyses 
From the publications that were analysed in the literature review, certain parameters were 
identified as having a significant effect on the overall unit cost of hydrogen. One such key 
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factor is the capacity of the equipment, (which is related to the output). This was also 
confirmed by information obtained from a number of industry players. These are shown in 
chapter 4, where it can be seen that for equipment such as SMRs, electrolysers, liquefiers 
and compressors the unit capital costs tend to fall significantly with hydrogen or power 
output. For this reason, when various production-delivery options or pathways are 
analysed, the analysis is done over a range of flow rates (or outputs). 
Similarly, because the load factor determines the ratio of flow rate to the capacity of the 
equipment, the effect of this parameter and the factors that affect it are also investigated 
where appropriate (e.g. in chapter 7, section 7.3.2). 
The literature review also highhghted the importance of delivery distance with regard to 
off-site hydrogen refuelling stations (appendix 1(a), section iii(f)), particularly with regard 
to pipeline transportation of hydrogen. The analysis therefore looks at a range of delivery 
distances when comparing the different off-site production-deUvery options. 
Because the hydrogen infrastructure (for transport) industry is in its very early stages of 
development a number of fundamental areas are still under debate. Hence there are various 
opinions on a number of matters, one being the most appropriate state of hydrogen for 
transportation and use. The vehicle industry is developing a varied range of hydrogen 
vehicles, some using liquid hydrogen, and some compressed. It was therefore necessary to 
investigate the costs of hydrogen transportation, storage and dispensing for both states. 
There are two main methods for the dispensing of compressed hydrogen, namely cascade 
and booster. One of the original aims of the thesis was to construct the models in such a 
way as to be able to compare the costs of these two regimes. However, after discussions 
with industry experts it became clear that to model the cascade method much data and 
numerous calculations regarding pressure and size of storage tanks were required (Guthrie 
2005; Roach 2005). These experts also added that for a relatively predictable demand, and 
where speed of refuelhng is not a major issue, as is the case for buses and fleet vehicles, the 
booster method is more appropriate. In addition studies comparing the costs of the booster 
and cascade methods found that there appear to be no notable financial benefits to be 
gained from one or the other ((Ogden, Dennis et al. 1995) and (Weinert 2005)). The 
decision was made therefore, not to construct the models in such a way as to compare the 
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two dispensing regimes as it would make the models unnecessarily complicated. The 
dispensing regime modelled is essentially a booster regime with some aspects of cascade 
refuelling (see section 4.2.6.2 chapter 4). 
As well as flow rate, delivery distance, and state of hydrogen, many other factors were 
found, through the literature review and industry discussions, to have a potentially 
significant effect on the cost of hydrogen. They include the cost of electricity and gas, the 
chosen discount rate, and load factor, and many more. In the analyses that follow the effects 
of these factors on the choice of least cost pathways have been investigated where 
appropriate. In addition the effect of these parameters as well as numerous others on the 
costs of hydrogen from the different pathways are examined in the sensitivity analysis in 
chapter 9, section 9.1. 
6.3 Baseline Assumptions 
In any type of modelling analysis, assumptions have to be made about the parameters 
within the model. The baseline assumptions are the most important. They are in effect the 
starting point of any series of analyses, i.e., it is usually the effects of variations from the 
baseline that are investigated. There are two types of baseline assumptions made in this 
thesis. One is the baseline values assumed for each of the input parameters in the models, 
and the other is the logistic assumptions made in the time-related analyses. 
Baseline values for all input parameters are listed in tables 4.2a to 4.3a in chapter 4. These 
have either been based on industry norms, a range of data from industry and/or recent 
literature, or if the latter has not been available, they have been based on those for a similar 
piece of equipment. These tables also give the range of values for a parameter (where 
available) that are based on data from recent literature and/or were given by a company or 
industry expert. The sources of data are also hsted in the tables in chapter 4. 
It must be noted that the basehne values are not necessarily the mid-point of the range of 
values found for a particular parameter. They are the values in the middle of a most-often-
quoted range of values, or simply a value that is very frequently quoted. It could even be at 
the end of the range of values found for a particular parameter. For example, the on-board 
pressure of a CHg tube trailer has been found to range from 165 to 228 bar, but the higher 
pressure was quoted more often, so the basehne value is assumed to be 228 bar. In addition 
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wherever there is doubt, the more conservative value is chosen as the baseline value, in 
order not to underestimate the costs. 
The percentage deviations of the upper and lower values (of a range) from the baseline 
value vary greatly from one parameter to the next. These have been calculated and are 
listed in the tables in appendix 4(b). As mentioned previously, the effect of varying each of 
the input parameters on the unit cost of hydrogen has been investigated in the sensitivity 
analysis, chapter 9. 
The logistic baseline assumptions made in the time-related analyses (discussed in chapters 
5 and 8) are mostly related to the level and rate of growth of demand for hydrogen. They 
include the commissioning interval (CI), the size and number of refuelling stations and the 
distances from the production site to the refuelling stations (this latter parameter is not 
related to the demand for hydrogen). The effect of variations in the latter logistic 
parameters on the results of the time-related analyses has been investigated (see chapter 8, 
section 8.3). 
6.4 Preliminary Analysis 
Several factors affect the set-up of hydrogen production and refuelling sites, and hence the 
structure of the models that attempt to simulate them. In some instances there is more than 
one option in terms of the set-up and equipment required at the production site, for 
transportation, or at the refuelling site. As the purpose of this thesis is to compare the costs 
of these different options, the models have been constructed to include as many of them as 
appropriate. For example for the production of hydrogen, three options have been included, 
SMR, alkaline electrolysers, and PEM electrolysers. 
In certain cases, different options require different structures of a particular model 
altogether. (For such cases more than one version of the model has been constructed and 
the results have then been compared). One such case is that of storage and compression 
options on the production and refuelling sites. The choices between these options depend 
on the state of the hydrogen, the type of transportation being used, and method of 
dispensing. For example, at the off-site refuelling site, following road transportation, 
storage of CH2 is in the tube trailer cylinders (at 228 bar), and there is a compressor which 
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compresses the hydrogen to 444 bar prior to dispensing, some of which is stored in a buffer 
storage (see chapter 7, section 7.2). 
Similarly the pressure and quantity of storage at the production site are largely determined 
by the mode of transportation. Some choice, however, still remains with regard to storage 
and compression prior to road transportation of compressed hydrogen. This choice could 
affect costs and is one of the analyses discussed in this section. 
In short, the preliminary analysis that is described below is the analysis carried out prior to 
the actual cost comparison analyses, in order to find out what the most appropriate least 
cost model structures should be, and what options the models should be capable of 
analyzing. 
The factors examined in the sub-sections that follow are storage and compression options 
on both the production and refuelling sites and the effects of pipeline structure on pipeline 
transportation costs. The possible options and their respective costs are examined and 
compared. 
It must be noted that other reasons, apart from costs, such as technical or logistic factors, 
could finally determine the choice of one option over another. In addition, the models have 
their limitations, particularly with regard to input data which affect factors such as storage 
pressure chosen. These are also highhghted in this section where relevant. 
6.4.1 Analysis of Storage and Compression Options 
At what pressure should the compressed hydrogen be stored on the production and 
refuelling sites? The simple approach would be to store the hydrogen at the pressure that is 
required for the next stage (or higher if a loss of pressure is anticipated in the transfer); this 
next stage could be transportation by pipeline or by road or dispensing at the refuelling site. 
Compressed hydrogen storage becomes more expensive at higher pressures. Therefore it 
could be less costly to store the hydrogen at a lower pressure and then compress it further 
prior to transportation or dispensing. So there is effectively a balance that has to be reached 
between the cost of the compressors and the cost of the storage tanks. 
As well as cost, there are other criteria which will determine the hydrogen storage pressure. 
They include the amount of space available for storage (low pressure storage tanks take up 
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more space). It is also easier to access the hydrogen from a small number of larger 
cylinders than a larger number of small cylinders; fewer valves also mean lower losses of 
hydrogen. In order to take these consideration into account, a value was given to the 
maximum number of cylinders on the production site (baseline value = 1000) and the 
refuelUng site (basehne value = 100), (the estimation of these baseline values is explained 
in chapter 4, section 4.2.2.1.). 
It is beyond the scope of this thesis, and the ability of the models used, to find out the 
technical and financial optimum compression and storage levels at a particular site. It can 
be demonstrated, nevertheless, that cost differences do exist for different storage and 
compression options. 
6.4.1.1 Storage and Compression Options on the Production Site: Off-site Mode 
According to industry sources, the usual pressure for road transportation of compressed 
hydrogen is in the region of 165 - 228 bars, (baseline value used is 228 bar) and for storage 
prior to that it needs to be about 30% higher (to allow for cascading-off), at around 290 bar. 
The pressure for pipehne transportation of hydrogen is typically 10 to 30 bar (Amos 1998), 
a baseline value of 30 bar has been assumed (upper values have been assumed in order not 
to under estimate compression and storage costs). In addition, according to an industry 
expert, 60 bar is an optimal storage pressure for hydrogen, considering both technical and 
economic criteria (Lomas 2005). 
The structural options shown in figures 6.4a, 6.4b and 6.4c are, therefore, possible for the 
production site of the off-site model. 
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Figure 6.4a: Production Site Processes, Option 1 : 
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Figure 6.4b: Production Site Processes, Option 2 : 
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Figure 6.4c: Production Site Processes, Option 3: 
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As explained in chapter 4, section 4.2.2.1, only data on a limited number of storage 
cylinders were included in the models, with certain capacities and storage pressures. 
Although it would be ideal to have costs for storage cylinders with pressures of 290 bai", 30 
bar, and 60 bar, of varying capacities, the closest storage pressures for which cost data were 
available are hsted in table 6.4a. The pressure of storage cyhnders used in the models 
depends on both the required pressure and the capacity of storage, as well as the overall 
cost. Hence in some cases, for a particular pressure requirement, a number of different 
storage pressures could be used. 
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Table 6.4a: Storage Pressures Used in Models 
Required Storage 
pressure (bar) 
Storage Pressure used 
in the Models (bar) 
30 200 
60 200 
290 350, 440, 444, 449 
345 350, 440, 444, 449 
444 444,449,571,700 
Because the storage pressures used in the models do not differ between required pressures 
of 30 and 60 bar, the models cannot therefore differentiate between costs for storage at 30 
or 60 bar. The storage tanks selected in both cases will be those with operating pressures of 
200 bai". This means that, given the current form of the data in the models, option 3 is 
irrelevant, as it would not have any cost advantages over option 2^ .^ 
The difference between option 1 and option 2 is in the way hydrogen is stored and 
compressed prior to road transportation. Therefore, to find out whether option 1 has an 
economic advantage over option 2, the difference between the following modes needs to be 
analysed: 
Option 1.1: Compressing the hydrogen to 290 bar and storing it at that pressure 
Option 1.2: Compressing the hydrogen to 200 bar, storing it at that pressure, and then 
compressing it further to 290 bar. 






@290bar CHz @ 290bar 








to 290 bar CHp 290 bar 
' If further data became available in the future, the model could explore option 3 also. 
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In the case of option 1.2, the same compressor would be used for both the first and second 
compression. The capital cost of the compressor is therefore only counted once, in the first 
compression cost; the second compression cost consists only of running costs. 
The off-site model is used to analyse the costs of the two above options. The model was run 
for different (SMR) production capacities, ranging from 1 t/d to 64 t/d. All other factors 
including load factor and number of storage days were kept constant. 
Figures 6.4f, and 6.4g show production site storage and compression costs for options 1.1 
and 1.2. As can be seen from these charts, costs are overall higher for option 1.1 compared 
to option 1.2 for all the production capacities considered. The difference becomes greater at 
higher production capacities. 
The main difference between the two options is in the storage costs. The cost of storage for 
option 1.1 is always higher than that for option 1.2 (due to the higher pressure of storage 
required). However at higher capacities (32t/d and 64t/d) there are notable increases in the 
cost of storage for option 1.1. This is because as quantity of storage increases, the number 
of storage cylinders increases. The maximum limit given to the number of storage cylinders 
for on-site refueUing stations, in this analysis, is 100; when this limit is exceeded, as in this 
case it is at 32t/d and 64t/d, cylinders with higher operating pressure will need to be used-
these have higher unit costs. 
In option 1.1, compressors with higher power outputs would be required. This also 
increases the overall unit cost. However, the proportion of the costs from compressors is 
relatively small, and even doubling them will not increase overall costs significantly. 
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Comp. ] refers to the compression after production and Comp. 2 refers to the compression after storage. 
* Comp.2 costs include running costs only. 
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This analysis is conclusive in that storage at a lower pressure (in this case 200 bar) followed 
by further compression is less costly than storage at a higher pressure (in this case 290 bar). 
The model is not sophisticated enough to investigate and find the least cost pressure for 
storage. In the analyses carried out in chapters 7 and 8, the baseline assumption for storage 
pressure is set at 60 bar (equivalent to 200 bar in the models), which is an optimal storage 
pressure according to an industry expert (Lomas 2005), as noted earlier. 
The result of this analysis shows that option 1.2 has a financial advantage over option 1.1. 
Therefore the off-site model has been structured according to the set-up for option 1.2. 
6.4.1.2 Storage and Compression Options Prior to Dispensing via Booster Method 
A similar situation exists at the point of refuelling, both for on-site and off-site refuelhng 
stations. Currently the industry norm is to dispense hydrogen at around 450 bar; it would be 
too costly, however to store the hydrogen at this high pressure. Alternatively if the 
hydrogen was stored at a lower pressure of e.g. 5 bar or 60 bar, and each time prior to 
dispensing it was compressed to 450 bar, a large, powerful compressor would be required, 
which would also be costly. 
In the off-site model, the pressure at which compressed hydrogen should be delivered to the 
refuelling station is 5 bar or 228 bar, depending on the mode of transport. In the case of 
CH2 delivery by road, it is assumed that the 'drop and swap' method is used, and the 
hydrogen is stored (at the refuelling site) in the tube trailer cylinders themselves, at 228 bar. 
The hydrogen then needs to be compressed to 450 bar prior to dispensing. In the case of 
off-site refuelling stations where the hydrogen is dehvered via pipeline, and arrives at the 
station at 5 bar, there are several storage pressure options, just as in the case of on-site 
refuelhng. 
So at what pressure should the hydrogen be stored post pipeline transportation? This 
pressure could be 5 bar (pipeline outlet pressure), or a higher pressure, say 345 bar, which 
according to Ogden, is the optimal pressure at which compressor cost is minimized, and 
storage recovery is maximised (Ogden, Dennis et al. 1995). Since refuelling sites usually 
have hmited space, a higher pressure for storage may be preferred, despite an increase in 
costs (provided these are not substantial). 
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As mentioned in the previous section, it is beyond the scope of this thesis and the model 
constructed to try to find the optimal pressure for storage on the refuelling site. However, 
costs for two different cases, one with a high pressure for storage and one with a low 
pressure for storage, can be compared. This was done using the on-site model, and running 
it for different production capacities in each case. Figures 6.4h and 6.4i show the storage 
and compression costs for the low storage pressure (60 bar)- option 2.1, and high storage 
pressure (345 bai)- option 2.2, respectively. The method of production in both cases is 
SMR, with the hydrogen output at a pressure of 10 bar- all other input data were also kept 
the same in both cases. 
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It can be seen from figure 6.4j that option 2.1 is the least costly option for all the production 
capacities considered except very low ones (<0.2 t/d). This is mainly due to the higher 
compression costs of option 2.2. At a capacity of 6.4t/d, as well as the compression cost, 
the storage cost of option 2.2 increases notably. This happens because (as in the case of 
options 1.1 and 1.2) as quantity of storage increases, the number of storage cylinders 
increases. The maximum limit given to the number of storage cylinders for on-site 
refuelhng stations, in this analysis, is 100 (see section 6.4.1), when this limit is exceeded, as 
in this case it is at 6.4t/d, cyhnders with higher operating pressure will need to be used 
which have higher unit costs. 
It can be seen from this analysis that overall an on-site storage pressure of 60 bar (200 bar 
in model) gives lower combined costs of compression and storage (compared to a storage 
pressure of 345 bar). As a result of this analysis, in both the on-site and off-site versions of 
the model (post pipeline transmission), it is assumed that required pressure for CH; storage 
is 60 bar (equivalent to 200 bar in the models). 
6.4.2 Effects of Pipeline Structure 
The unit cost of a pipeline (£/kg of Hz) depends very much on the flow rate of hydrogen 
through it. Therefore, to supply a group of closely located refuelling stations, it is likely that 
costs would be lowered by having one primary pipeline which branches out into a number 
of secondary pipehnes in the vicinity of the refuelling stations. This type of set-up is shown 
in figure 6.4k and is referred to as pipeline structure A. To find out what, if any, cost 
savings would accrue f rom this set-up, it is compared to the simple alternative, which is one 
pipeline going to each refuelling station, as illustrated in figure 6.41. This latter set-up is 
referred to as pipeline structure B. 
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60° . . . . 
The square shape represents the production site and the circles the refuelling sites. The thick green arrow 
represents the primary pipeline and the thinner arrows the secondary pipelines. This diagram is not drawn to 
scale. 
Figure 6.41: Pipeline structure B 
The square shape represents the production site and the circles the refuelling sites- their relative positions are 
exactly the same as in figure 6.4k. The arrows represent the pipelines. This diagram is not drawn to scale. 
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For pipeline structure A the length of the primary pipehne is assumed to be 30 km and the 
secondary pipelines 10 km each. Hydrogen is transported to one of the refuelling stations 
(via the primary pipeline) and then distributed to the other three. In order to simplify 
calculations, it is assumed that the four refuelling stations are situated at the corners of a 
rhombus (which can be divided into two equilateral triangles, as shown in figure 6.4k), with 
each side being 10km. For pipeline structure B, the distances between the refuelhng 
stations and the production site are therefore calculated to be (clockwise) 28.3 km, 36.2 km, 
40 km, 36.2 km and 30 km respectively. These distances are calculated assuming that the 
location of the refuelling sites (relative to the production site) are the same for structure B 
as they are for structure A. It must be noted that the diagrams in figures 6.4k and 6.41 are 
not drawn to scale 
The transportation costs for the pipeline structures A and B are derived using the off-site 
model, for various production capacities, and hence flow rates (here flow rate for each 
station is approximately equal to the production capacity multiplied by the load factor 
(70%), and divided by four). These costs are shown in figure 6.4m. As can be seen from 
this graph, for the distances and flow rates considered, the transportation costs for pipeline 
structure B are almost ten times that of pipeline structure A. 
From the outcome of the cost comparisons shown above, it is clear that the off-site model 
should include the potential for the analysis of a pipeline structure such as structure A, with 
primary and secondary pipehnes. The off-site model was adjusted, therefore, to include 
primary and secondary pipeline cost calculations. 
It must be noted that different geographical patterns of refuelling stations will require 
different pipeline network structures. For example, if the refuelling stations were not in a 
cluster, or group, but were scattered evenly around the production site, a different type of 
pipeline network would be required from that shown in figure 6.4k. Such a structure is 
examined in chapter 7, section 7.2.1.2. 
Here the importance of the structure of a pipeline, which is related to the spatial layout of 
the production and refuelhng sites, to the cost of hydrogen transportation, has been shown. 
Other reports have also shown the importance of these factors (Ogden 1999). However, 
when generic costs (not related to a specific area) of hydrogen production-delivery 
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pathways are being compared, or the costs are derived for a city with unknown locations for 
these sites, it is usually assumed that the refuelling points are scattered radially around the 
production site, or scattered evenly over the area in question (Ogden, Yang et al. 2005). 
Such assumptions are hkely to distort the actual costs of hydrogen pathways with pipeline 
transportation and their relative costs to other pathways. This is an important factor to bear 
in mind when comparing pathways with pipeline transportation with other pathways (see 
chapter 8, section 8.3.3). 
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6.5 Summary and Concluding Remarks 
Chapter 6 is the first of the analyses chapters, which form part III of this thesis. It includes 
the aims of all the analyses chapters as well as the logic behind the choices made regarding 
the types of analyses carried out. 
Most of this chapter is concerned with some preliminary analyses which had to be 
undertaken in order to finalise the structure of the models. These analyses fall into two 
main categories. One concerns the choice of storage capacity and compressor power (which 
is related to the storage pressure). The other concerns the structure of pipelines for CH2 
transportation. 
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On both the production and refuelling sites, it is necessary to store the hydrogen. The cost 
of storing compressed hydrogen depends both on the quantity of hydrogen and the pressure 
under which it has to be stored. Although the models constructed for the analyses in this 
thesis are not sufficiently complex to determine the ideal size and operating pressure for 
storage in every case, two types of scenarios could be compared. One involves the storage 
of hydrogen at a high pressure followed by a form of transportation or dispensing, and the 
other involves the storage of hydrogen at a relatively low pressure followed by further 
compression. For both the production and refuelling sites it was found that storage at the 
lower pressure followed by compression was the least costly option. Both the on-site and 
off-site models were modified following these findings. 
From the analysis of hydrogen pipeline costs it was found that the structure of the pipeline 
has a significant effect on the unit cost of hydrogen transportation. One type of structure 
(structure A) was found to be much less costly than another (structure B). The off-site 
model was therefore modified to include the option which generated the lower cost. 
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Chapter 7: Analysis of Hydrogen Production-Delivery Pathways Using Static 
Models 
7.0 Introduct ion 
In this chapter the unit costs of hydrogen from a number of on-site and off-site pathways 
are compared and analysed. These unit costs have been obtained by running the appropriate 
models: these are the static versions of the on-site and off-site models described in chapter 
4. 
For the model runs in this chapter all input parameters have been set to their baseline values 
(those listed in tables 4.2a to 4.3a in chapter 4), except the logistic parameters: flow rates, 
delivery distances and number of refuelling stations. These latter parameters are altered and 
their effects are investigated (as discussed in chapter 6, it was deemed necessary to 
investigate the effects of these factors based on the findings of the literature review). 
Assumptions regarding storage and compression are those described in chapter 6, section 
6.4.1. 
The analyses in this chapter fall into three main categories, those comparing on-site 
pathways, those comparing off-site pathways, and those comparing on-site with off-site 
pathways. In the first two groups of analyses the aim is to find the potential least cost 
pathway(s), and to see what parameters could affect the choices between the different 
pathways. The aim of the third type of analysis is to compare the least-cost on-site and off-
site pathways, in order to find under what circumstances on-site costs less than off-site and 
vice-versa. 
Although the analyses in this chapter use the static models, which give output values at a 
point in time, some analyses look at how the cost of hydrogen (from a given infrastructure 
set-up) changes under different rates of demand growth (section 7.3.2). This type of 
analysis is similar in some ways to the time-related analyses in chapter 8, where demand 
increases over time. In chapter 8, however, other factors are also assumed to change over 
time, such as energy prices and capital costs. 
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7.1 Analysis of On-Site Hydrogen Production-Delivery Options 
The structure of the on-site model used for the analysis here has been described in chapter 
4, section 4.1.1. In brief, the model simulates a hydrogen refuelling station where the 
hydrogen is produced (from either SMR, alkaline electrolysis or PEM electrolysis), 
compressed or liquefied, stored and dispensed (either as liquid or compressed hydrogen). 
In the case of compressed hydrogen, the method of dispensing modelled is a hybrid of 
booster and cascade. Following production, the hydrogen is compressed to 200 bar, and 
stored on-site. It is then compressed to 444 bar and stored in a buffer storage. Vehicles 
arriving at the station can be partly filled using hydrogen from the storage cylinders at 200 
bar, and then topped up with the high pressure hydrogen from the buffer storage. 
The analysis in this section concerns the cost differences between the different production 
technologies, and those caused by the different states of dehvered hydrogen (compressed 
and liquid). In each case the factors responsible for the cost differences are examined and 
discussed. 
As well as economic and technical criteria, there are other factors which make one option 
more favourable than another, and would influence final choices. In the case of hydrogen 
production, not all three types of technologies can be used for all flow rates. Currently 
alkaline electrolysers on the market (used in series) can have outputs up to 47.5 t/d, but 
PEM electrolysers are much smaller, and even in series are not likely to have outputs higher 
than 1 t/d, while SMRs can have outputs of a few hundred tons per day. Table 7.1a lists the 
flow rates for which the on-site model is run in this chapter, and shows what production 
technologies can be used in each case; the equivalent number of buses that can be refuelled 
per day, assuming the maximum fill is 25 kg per bus"^ ,^ is also shown. 
This is the average tank size for current ICE hybrid hydrogen buses. Fuel cell buses have a smaller tank size 
of around 20 kg but their fuel efficiency is higher (Contestabile, 2003). 
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Table 7.1a: Hydrogen Flow Rates and Possible Production Technologies 
No. of Buses Per day Flow Rates (t/d) Possible Production Technologies 
4 0.100 SMR, Al. Elec. PEM Elec. 
6 0.150 SMR, Al. Elec. PEM Elec. 
8 0.200 SMR, Al. Elec. PEM Elec. 
12 0 3 W SMR, Al. Elec. PEM Elec. 
16 0.400 SMR, Al. Elec. PEM Elec. 
24 0.600 SMR, Al. Elec. PEM Elec. 
32 o j m SMR, Al. Elec. PEM Elec. 
48 1.200 SMR, Al. Elec. 
64 1.600 SMR, Al. Elec. 
>64 >1.6 SMR 
7.1.1 Comparison of Production Technologies 
Three different production technologies can be selected through the use of the on-site 
model. These are SMR, alkahne electrolysis and PEM electrolysis. The differences between 
them, as far as the model inputs are concerned, are their unit capital costs, feedstock 
consumption (electricity, gas and water), O&M costs, installation and shipment costs, and 
footprint. 
As shown in table 7.1a, it is only for low flow rates that all three production technologies 
can be employed. The results of the model runs for three different flow rates are shown in 
table 7.1b. It must be noted that all input parameters in the model are kept constant (at their 
baseline values) apart from type of production technology and flow rates. (Baseline values 
are listed in table 6.1a in chapter 6, section 6.1.3). In each case the delivery pathway is also 
the same: compressed hydrogen is stored on site, and dispensed in the same state. 
Therefore, buffer storage and a boost compressor are included. Other costs consist of the 
initial project costs such as engineering design, permitting, commissioning, contingency 
etc. 
As can be seen from the figures in table 7.1b, three sets of costs change notably from one 
type of production technology to another. They are the production cost, cost of land, and 
'other' costs. It is not surprising that the production and 'other' costs change, as these 
depend on the capital costs of the production equipment. Cost of land depends on the 
footprints of the different pieces of equipment, which also change from one type of 
production technology to another. 
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From table 7.1b and figure 7.1a, it can be seen that the total unit cost of hydrogen does not 
change enormously from one type of production technology to another- particulaiiy at low 
flow rates. Although unit production cost for SMR is lower than both alkaline and PEM 
electrolysis, the higher cost of land and 'other' costs for SMR brings its overall unit cost 
closer to the others (see figure 7.1b). From figure 7.1a, it can also be seen that for all the 
flow rates considered, SMR is the least costly except for flow rates lower than 0.2 t/d for 
which PEM electrolysis becomes cheaper. 
Table 7.1b: Unit Cost of Hydrogen for Dijferent Production Technologies 













Production 3.53 4.51 4.12 IjW 3 ^ 2 3.64 1.42 2jW 3.63 
Compression^" 0.44 0.44 0.42 &24 0 J 4 &23 0 18 0U8 0.17 
Storage 0.21 0.21 0 J 8 0.18 0.18 0.18 0.18 0.18 
Boost Comp. 0.17 0.17 0.17 0.09 0.09 009 0.06 0.06 0.06 
Buff Storage 0.07 0.07 0.07 &06 0.06 0.06 0.06 0.06 0.06 
Dispensing 1.97 1.97 1.97 0.49 0.49 &26 0 ^ 6 0 26 
Land 1.26 0 ^ 3 0.90 &46 0.33 032 0.3 0.22 0.21 
Other 2.06 1.62 1.12 0 ^ 7 Ojg 0.59 0 ^ 6 0.51 
Total 9.71 9.92 8.98 4.22 5.27 5.59 3.04 4.30 5.09 
The closeness of the overall unit costs of hydrogen from the various production 
technologies means that changing the values of certain key parameters is likely to change 
the relative costs. 
Figure 7.1b, shows that most of the costs are made up of production costs, followed by 
dispensing^' and/or 'other' costs, followed by cost of land. Dispensing costs remain the 
same no matter what production technology is used. As mentioned above, 'other' costs 
depend on the capital cost of the equipment (they are to a great extent a percentage of 
capital costs). Therefore paiameters that affect the unit capital cost of the equipment, will 
also affect 'other' costs. 
The differences in the cost of land are caused by the differences in the footprints of the 
production technologies. Electrolysers generally cover a smaller area compared to SMR 
units, as the technology is more compact. 
Cost of compression following production is slightly lower for PEM electrolysis, as the pressure of the 
hydrogen following production is higher (14 bar as opposed to 10 bar). 
The high cost of dispensing is due to the cost of labour not the cost of the equipment. 
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Figure 7.1a: Unit Cost of On-site Pathways for Dijferent Production Technologies: 
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Figure 7.1b: Breakdown of Costs for On-site Pathways with Differing Hydrogen 
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From the above reasoning, it can be deduced that the key parameters whose effects seem 
most likely to repay further investigation are those that affect unit costs of production. 
These include load factor, discount rate, and the relative costs of electricity and gas. Other 
factors, such as energy efficiency, water consumption, and O&M costs also affect unit 
production costs, but to a much lesser extent. With regard to small SMRs, a new type of 
technology entered the U.S. market in 2004 which has a much lower capital cost (Lomas 
2005; Weinert 2005). The effect of the latter is also examined and discussed in this chapter 
(section 7.1.1.3). 
7.1.1.1 Effect of Changes in Load Factor and Discount Rate 
Load factor is the ratio of output to capacity for a piece of equipment. The upper and lower 
values assumed in this study are 90 and 30 percent, and the baseline value chosen is 70 
percent (see chapter 3, section 3.6.3). In this analysis the values for load factors for all 
relevant equipment (production, compression and dispensing) are changed to these 
extremes and the hydrogen costs are obtained in each case. 
The discount rate is a local parameter and depends mainly on the country where the 
infrastructure is built, as well as on the industry (see chapter 3, section 3.6.2). Its value is 
only likely to vary by a few percent. Here, it is changed by 2 percent on either side of the 
baseline value (the hmits are 10 and 14% and the baseUne value is 12%) in order to see 
what effect it can have on the unit cost of hydrogen from the different production 
technology pathways. 
Figure 7.1c shows the unit costs of hydrogen for the three different production 
technologies, for high and low values of load factor and discount rate. A low discount rate 
and a high load factor, both reduce unit capital costs, and here increase the cost of hydrogen 
from SMR compared to PEM electrolysis. This is due to the fact that as the unit capital cost 
of hydrogen production is decreased, the effect of the cost of land increases. Conversely, a 
low load factor and a high discount rate both increase unit capital costs and increase the 
unit cost of hydrogen from PEM electrolysis compared to SMR. 
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Figure 7.1c: Unit Cost of On-site Pathways for Dijferent Production Technologies: 
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It can be concluded that both load factor and discount rate affect the relative costs of the 
three production technologies. At the flow rate considered (0.15 t/d) the effect of changing 
the load factor in paiticular is great enough to influence which production technology 
becomes least cost: at high load factors (e.g. 70%) either PEM electrolysis and SMR are 
both least cost options or PEM is the least cost option, while at a low load factor (30%) 
SMR is the least cost technology. A flow rate of 0.15t/d was chosen for this analysis as it is 
in the middle of the range (0 to 0.2t/d) for which the three production technologies generate 
very similar unit hydrogen costs (see figure 7. la). In this range the effect of changing the 
discount rate and/or load factor is most likely to change the outcome of the analysis with 
regard to which pathway becomes the least cost option (as indeed has been demonstrated by 
the result of the analysis). 
Further analyses of the combined effects of variation in discount rate and load factor have 
been carried out in the sensitivity and uncertainty analyses in chapter 9, section 9.2.3. 
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7.1.1.2 Effect of Variat ion in Energy Costs 
The electrolysis process uses electricity while SMR uses mainly natural gas (a small 
amount of electricity is also used in the SMR process). In addition alkaline electrolysis is 
more energy efficient than PEM electrolysis. Therefore, variations in the costs of electricity 
and natural gas are likely to affect the relative costs of the different production 
technologies. 
The baseline values of electricity and natural gas used in the model are those from the first 
quarter of 2005 (which is similar to the last quarter in 2004) for the UK. In this period, the 
price of electricity is about three times that of natural gas 
(www.dti.gov.uk/energv prices/tables/table 312.xls., accessed on 4/5/05). In 2000, the 
situation was very different; the average price of electricity, which was 3.47 p/kWh, was 
five times that of the average price of natural gas, which was 0.6 p/kWh. 
In order to see to what extent the price differences between electricity and natural gas 
change the relative costs of the production technologies the model is run with baseline 
energy prices (first quarter of 2005), and then with 2000 energy prices. The model is also 
run for a high electricity price, equal to 5 p/kWh, which is equal to some estimates for off-
shore wind energy in the UK (Marsh, Taylor et al. 2003)(the gas price is kept at the 
baseUne value). The results from these model runs are shown in figure 7.Id. Again, a flow 
rate of 0.15t/d was chosen for this analysis as it is in the middle of the range (0 to 0.2t/d) 
for which the three production technologies generate very similar unit hydrogen costs (see 
figure 7.1a). 
It can be seen from figure 7. Id, that if average energy prices in 2000 are used, the price of 
hydrogen from SMR is the same as that f rom PEM electrolysis. On the other hand, if a high 
electricity price is assumed, such as that f rom off-shore wind energy (5p/kWh) hydrogen 
from both of the electrolysis technologies become more costly than SMR. 
It has therefore been shown that the relative costs of hydrogen from the different production 
technologies can depend on the costs of electricity and gas. The effects of variations in 
energy prices are also analysed in the time-related analysis (described in chapter 5 and 8) 
and the sensitivity analysis, chapter 9. 
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Figure 7. Id: Unit Cost of On-site Pathways for Different Production Technologies: 
Varying Energy Prices: Flow Rate = 0.15t/d 
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Type of Production Technology 
* Energy prices from first quarter of 2005 were used; source: 
www.dti.gov.uk/energv prices/tables/table 312.xls.. accessed on 4/5/05. 
7.1.1.3 Effect of Changes in Capital Cost 
A new generation of small SMRs entered the US market in 2004. These SMRs, which have 
flow rates of up to 0.4 t/d, have much lower capital costs than the older SMR technologies 
(see chapter 5, section 5.2.1). It is highly likely that these new types of SMRs will 
gradually enter the European hydrogen production market and increase their market share 
over the coming years. 
As discussed in chapter 5, from data obtained from (J. Weinert 2004), a cost curve has been 
derived for these types of new SMRs. By using the on-site model, unit costs of hydrogen 
for these types of SMRs can be obtained. These costs aie shown next to the baseline values 
in table 7.1c for all three types of production technologies. It is assumed that other factors, 
such as efficiency, footprint and water consumption are the same for these new types of 
SMRs as for the old types. 
It can be seen from the figures in table 7.1c, that the cost of hydrogen production is lowered 
significantly with these new types of SMRs, and hence the overall cost of hydrogen (from 
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7.52 £/kg to 5.54 £/kg). This makes SMR a much cheaper option compaied to both of the 
electrolysis technologies. This analysis shows how technological change can influence the 
relative competitiveness of hydrogen production technologies. 
Table 7.1c: Unit Cost of Hydrogen for Dijferent Production Technologies: Comparison 
with New SMR 
Flow Rate: 0.15 t/d 
Unit Cost (£/kg) SMR Al. Elec. PEM Elec. New SMR 
Production 2.93 4.01 3.75 1.54 
Compression 0 36 0 J 6 0 3 5 0 3 6 
Storage &20 0.20 &20 0.20 
Boost. Corap. 0.14 0.14 0.14 0.14 
Buff. Storage 0.07 0.07 0.07 0,07 
Dispensing 1.31 1.31 1.31 1.31 
Land 0.93 0^7 0.66 0.93 
Other 1.58 1.24 0.84 0.92 
Total 7.52 8.00 7 3 2 5.47 
7.1.2 Comparison of Storage- Delivery Options 
As well as different production technologies, the on-site model can be used to compare the 
costs of delivering hydrogen as a liquid or in compressed form. Prior to dispensing, the 
hydrogen must be stored on site, and this can also be in liquid or compressed form. 
Therefore, there are four alternatives: 
1- Storage as CH] followed by dispensing as CH2 
2- Storage as LH2 followed by dispensing as LH2 
3- Storage as LH2 followed by dispensing as CH2 
4- Storage as CH2 followed by dispensing as LH2 
Intuitively, options 1 and 2 would be the least costly, as changing the state of hydrogen 
requires extra pieces of equipment, which will add to the costs. In order to examine this 
supposition, the model is run for all of the 4 options, at different flow rates. The results can 
be seen in figure 7.1e. These results show that apart from option 1, all other storage-
delivery options are more or less equal, and are all more costly than option 1. 
Options 2 to 4 are more costly than option 1, because all include a liquefaction process, 
either before or after storage. As can be seen from table 7. Id, liquefaction is by far the most 
costly process amongst all the storage-delivery options- it is even more expensive than the 
production process (which in this case is SMR for all options). 
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It can also be observed that option 3 is slightly more expensive than option 2. Although for 
option 2 a pump and vaporiser are required to change liquid hydrogen into compressed 
hydrogen, the overall cost of these with a CHi dispenser is actually lower than the cost of a 
LH] dispenser, so option 3 should cost less than option 2. However, since the assumed 
basehne value for flow rate from a CHi dispenser is Ikg/min and that from an LH2 
dispenser is 2 kg/min, for some flow rates twice as many CH2 dispensers aie required as 
LH2 dispensers (0.8 t/d is one such flow rate). 
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Table 7.Id: Unit Cost of Hydrogen for Different On-site Delivery Options 
Flow Rate (t/d) 0.8 
Unit Cost (£/kg) 1- Storage CH2, 
Disp. CH, 
2- Storage LHi, 
Disp. LH2 
3- Storage LH,, 
Disp. CHi 
4- Storage CHi, 
Disp. LHi 
Production 1.42 1.42 1.42 1.42 
Compression CU8 0.09 0.09 CU8 
Liquefaction 1* 5.58 5.58 
Storage 0.18 1.03 1.03 0.18 
Boost. Comp. 0.06 
Liquefaction 2* 5.59 
Buffer Storage 0.06 1.00 
Dispensing Oj# cuw 0.31 0.20 
Land 030 0.15 0.16 0.23 
Other 0^9 1.70 1.71 1.76 
Total 3.04 10.18 10.30 10.55 
* Liquefaction 1 occurs before storage, and liquefaction 2 after, but before buffer storage. 
The flow rate of a CH2 dispenser can be as high as 5 kg/min. (see chapter 4, section 
4.2.6.2). Although this could mean a percentage increase in its capital cost, overall the cost 
of option 3 could probably be lowered to that of option 2 or less- this is because labour 
costs also fall as number of dispensers fall. 
Option 4 costs slightly more than options 2 and 3. This is because option 4 includes an 
additional buffer storage. Buffer storage is required in order to de-couple the flow rate of 
the liquefier from that required for dispensing at the station. For certain flow rates and 
refuelling regimes a buffer storage may not be required, if so, option 4 could cost slightly 
less than the other options. 
It can be concluded therefore that storage-delivery option 1, i.e. that of storage as CH2 and 
dispensing as CHi, is much less costly than the other options. It can also be concluded that 
all the other options are very close in cost, and although, under the baseline assumptions 
option 2 is the least costly out of the three, it is possible that under different 
circumstances/assumptions the other two options could cost the same or less than option 2. 
Apart from cost, there are other factors which could determine the type of storage and/or 
method of dispensing. For example, if space is very limited, liquid hydrogen storage could 
be preferable to compressed hydrogen storage (as the latter has a higher footprint). 
Furthermore, if hydrogen is required in both compressed and gaseous form then a 
combination of options 2 and 3 might be prefeired to all other options. 
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7.1.3 Least Cost Delivery Pathways for On-site Refuelling Stations 
From the analyses in the above sections (7.1.1 and 7.1.2), it can be seen that the costs of the 
various options depend very much on the flow rate at the refuelling station. As discussed in 
section 7.1.1, at low flow rates (<0.2 t/d) the costs of all three production technologies are 
very close, and values for certain parameters, such as load factor, discount rate, cost of gas 
and electricity can affect the relative costs of the different options. Furthermore the 
uncertainty analysis in chapter 9, section 9.2.3.1, shows that possible variations in key input 
parameters mean that below a flow rate of around 1.2t/d there is some uncertainty as to 
which of the production technologies is the least cost technology. 
Taking the uncertainty analysis into consideration, it can be concluded that for flow rates 
up to around 0.4t/d there are three least cost hydrogen production options and one least cost 
storage delivery option. This leads to the following three least cost pathways for an on-site 
refuelling station: 
1- Production via SMR + Storage as CH2 + Dispensing as CH2 
2- Production via Alkaline electrolysis + Storage as CH2 + Dispensing as CH2 
3- Production via PEM electrolysis + Storage as CH2 + Dispensing as CH2 
For flow rates of between 0.4t/d and 1.2t/d, pathways (1) and (2) become the possible least 
cost pathways, and for flow rates higher than around 1.2t/d pathway (1) becomes the only 
least cost on-site pathway. 
It must be added that in a real situation other factors as well as financial ones will influence 
final choices. For example where there is limited availability of space this favours 
electrolysis over SMR, and liquid hydrogen storage over compressed hydrogen storage. 
Environmental factors could also influence this choice- if it is required that no CO2 should 
be produced in the production of hydrogen, then electrolysis (using renewable electricity) 
would be preferred to SMR. 
7.2 Analysis of Off-site Hydrogen Production-Delivery Pathways 
The off-site model and its constituent parts have been described in chapter 4. Here a brief 
description is given. 
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The off-site model simulates a number of hydrogen refuelling stations which are supplied 
from an off-site production location. These refuelling stations can be supphed with 
compressed hydrogen by either road or pipeline, or with liquid hydrogen by road. On the 
production site, hydrogen can be produced either via SMR, alkaline electrolysis or PEM 
electrolysis. 
In the case of pipeline transportation and dispensation as CH2, the hydrogen is produced 
and stored on the production site at 200bar (0.5 day of storage worth). It is then transported 
to the refuelling site, where the output pressure is 5 bar. The compressed hydrogen storage 
cylinders on the refuelling site are also at 200 bar. The hydrogen is then compressed by a 
booster compressor to 444 bar, and some of it is stored in a buffer storage. 
In the case of road transportation of CH2 by tube trailer and dispensing as CH2, the 
hydrogen is also compressed to 200 bar for storage on the production site (equivalent to 1 
day's output). It is then compressed to 290 bar (350 bar actual pressure) prior to being 
loaded onto the tube trailer, then transported at 228 bar to the refuelling site, where it is 
stored in the tube trailer cylinders themselves (the 'drop and swap' method). Following 
this, the hydrogen is compressed further to 444 bar, and some is stored in a buffer storage at 
this pressure. 
For road transportation of LH2 by tanker and dispensation as LH2, hydrogen is liquefied 
after production on the production site, and stored as liquid hydrogen (equivalent to 5 days' 
output). It is then transported by tanker to the refuelling sites where it is also stored in 
liquid form and dispensed as such. 
It must be noted that in the case of both CH2 and LH2 road transportation, there is a limit to 
the number of deliveries per day^^. This limit is between 2 to 3 deliveries per day. 
Because the costs of the three production technologies mentioned above have already been 
analysed in the previous section, this analysis is not repeated here. This section analyses the 
cost differences between the different modes of hydrogen delivery from the production to 
the refuelling sites. This analysis is carried out for different numbers and sizes of refuelling 
stations, and different delivery distances. 
This limit exists because of time required for transportation as well as loading/unloading (see chapter 4, 
section 4.2.5.2). 
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In addition the costs of different pipeline structures are examined for various flow rates and 
compared to other modes of hydrogen transportation. Ultimately, the costs of the different 
off-site delivery pathways are discussed for various scenarios and circumstances in order to 
deduce which are the least cost pathways, in each case. 
7.2.1 Comparing Different Off-site Delivery Pathways 
In theory, the static off-site model can analyse 6 different hydrogen delivery pathways: 
1- CHz dehvered by pipeline and dispensed as CH2 at refuelling site 
2- CH2 dehvered by pipeline and dispensed as LH2 at refuelling site 
3- CH2 delivered by road and dispensed as CH2 at refueUing site 
4- CH2 delivered by road and dispensed as LH2 at refuelling site 
5- LH2 delivered by road and dispensed as LH2 at refuelling site 
6- LH2 dehvered by road and dispensed as CH2 at refuelling site 
As here we are considering which one of the above delivery pathways is the least costly, 
pathways 2 and 4 can be discounted immediately, as they both include a liquefaction step at 
the refuelling site, which would be very costly, and would dwarf any other costs at the 
refuelling sites. This has been shown in section 7.1.2. (Pathways 5 and 6 also include a 
hquefaction step, but since this is at the production site a much larger liquefier would be 
required, which would have a lower unit cost.) Therefore, here, only the costs of pathways 
1 , 3 , 5 , and 6 need to be analysed and compared in order to find the least cost pathway(s). 
7.2.1.1 Effect of Size and Number of Refuelling Stations on Hydrogen Delivery 
Pathways 
As well as the modes of delivery, the numbers and sizes of refuelling stations could change. 
To see the effect of this latter factor, as well as that of flow rates, two different refuelling 
station set-ups are examined (scenarios a and b); one with four refuelling stations, and the 
other with eight smaller ones. These scenarios are illustrated in figures 7.2a and 7.2b. 
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Table 7.2a: Sizes and Numbers of Refuelling Stations 
Total Scenario a: Scenario h: 
Hydrogen Refuelling site No. of No. of buses Refuelling No. of No. of buses 
Output (t/d) flow rate (t/d) refuelling fuelled at each site flow refuelling fuelled at each 
sites station* rate (t/d) sites station* 
0.8 0.2 4 8 0.1 8 4 
1.2 0.3 4 12 0,15 8 6 
1.6 0.4 4 16 0.2 8 8 
3.2 0.8 4 32 0.4 8 16 
6.4 1.6 4 64 0.8 8 32 
1Z8 3.2 4 128 1.6 8 64 
16.0 4.0 4 160 2.0 8 80 
* It is assumed that each bus requires 25kg of hydrogen per refuelling. 
Flow rates of type a refuelling stations vary between 0.4 and 4, while those of type b vary 
between 0.2 and 2. These flow rates and approximate production outputs aie shown in table 
7.2a. The approximate number of hydrogen buses refuelled at each station, are also listed. 
The off-site model is run for the refuelling site numbers and outputs shown in table 7.2a, 
and for the four different delivery pathways mentioned above. DeUvery distances (between 
production and refuelling sites) are kept constant at 30 km. Production method is SMR in 
each case, and baseline values are used for all other input parameters. The unit cost of 
hydrogen at each refueUing station is derived by the model; these are shown in figure 7.2c. 
As can be seen from figure 7.2c, for all delivery pathways the unit cost of hydrogen falls 
with increasing flow rate. In addition it can be seen that in all cases, the unit cost of 
hydrogen is lower for scenario a than for scenario b. The cost difference between the two 
refueUing station scenarios diminishes with increasing total output of hydrogen. In the case 
of pipeline delivery, this is due to the cost of transport falling relatively faster than the other 
costs, with increasing flow rate. This can be seen in figure 7.2d. In the case of other 
delivery pathways, the cost of transportation makes up a much smaller percentage of 
overall costs. Therefore, the cost differences between scenarios a and b diminish with flow 
rate, because the cost differences at the refuelling stations diminish. 
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Figure 7.2c: Cost of Off-site Pathways with Differing Modes of Transportation: Scenarios 
a & b 
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Figure 7.2d: Cost of Pathway with LHj by Road and LH2 Dispensing; Variation with Flow 
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It can be deduced from the results shown in figures 7.2c and 7.2d that the cost of hydrogen 
transportation by road is relatively less sensitive to flow rate at the refuelling stations 
compared to hydrogen transportation by pipeline. It is even less sensitive to the number of 
refuelling stations changing, i.e. going from scenario a to scenaiio b. 
Conversely, figures 7.2c and 7.2e show that the cost of pipeline transportation is very 
sensitive to flow rate at the refuelling stations, and changing the number of refuelling 
stations, as between scenarios a and b. 
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7.2.1.2 Effects of Varying Pipeline Network Structure 
As shown in the previous section, the number and sizes of refuelling stations has a 
significant effect on the unit cost of hydrogen at the refuelling point in the case of pipeline 
delivery. For example, the unit cost of hydrogen at 8 refuelling stations each with a flow 
rate of 0.1 t/d, is about twice as high as that f rom 4 refuelhng stations each with a flow rate 
of 0.2 t/d. Figure 7.2e shows that this is due to the pipeline costs; therefore the cost of 
pipeline transportation is very sensitive to the flow rate through the pipeline. 
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It is possible that by changing the structure of a pipeline the flow rate is increased, in all or 
part of it. Figure 7.2f shows an alternative pipeline structure to that for scenario b, (where it 
is assumed that each refuelling station has a pipehne delivering hydrogen to it from the 
production site). The alternative pipeline structure, referred to as scenario c, includes a 
primary pipeline that takes hydrogen to two refuelling stations, which after 16.23 km, splits 
into two secondary pipelines, which are also 16.23 km long. 
Figure 7.2f: Production and Refuelling Site Set-up for Scenario c: 
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Note: for scenario c, although distance between production and refuelhng site is 30 km, the lengths of 
pipehnes are 16.23 km, plus 16.23 km, as shown in figure 7.2f. 
It must be noted that the only difference between scenario b and scenario c is the pipeline 
structure; all other parameters are kept the same. 
Figure 7.2g shows the costs of scenario a, b and scenario c for various total flow rates, for 
pipeline delivery of CH2. It can be seen that the unit costs of hydrogen for scenario c is 
significantly lower than that for scenario b, and is very close to scenario a, where half as 
many refuelhng stations are being supplied. 
The cost difference between scenarios b and c is due to the difference in transportation 
costs. This can be seen from figure 7.2h. The percentage difference in transportation cost is 
the same for all flow rates: in the case of both 0.1 t/d and 1.6 t/d, it was calculated to be 
45%. 
It can be concluded, therefore, that wherever possible, a scenario c type pipeline structure, 
consisting of primary and secondary pipehnes, is likely to cost notably less than a scenario 
b type pipeUne structure. 
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7.2.1.3 Effects of Varying Delivery Distances 
To examine the effect of changing the delivery distances (the distance between production 
and refuelling sties), the off-site model was run for a refuelling structure such as that of 
scenario a, for varying delivery distances. The delivery distances were varied from 0.5 to 
60km. 
The results of this analysis are shown in figures 7.2i and 7.2j. These results show that as 
with flow rates, the cost of hydrogen delivered by pipeline is very sensitive to delivery 
distance, and in fact increases almost linearly with distance. Conversely changing the 
delivery distance has very little effect on the cost of hydrogen dehvered by road, either as 
CH2 or LHg. 
Figure 7.2i shows that CH2 transported by road and delivered as CH2, is the least cost 
pathway for a flow rate of 0.35 t/d; this is the case for all delivery distances, except very 
short ones (below around 500m). At these short distances and low flow rates, CH2 
delivered by pipeline and dispensed as CH2 is the cheapest option. For flow rates above 
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0.35 t/d, CH2 delivery by road becomes impractical and is not an option (as explained 
above this is due to the long delivery and off-loading time). 
As can be seen from figure 7.2j, for a flow rate of 0.8 t/d, LH2 transported by road and 
delivered as LH2 (or CH2; see section 7.1.2), is the least cost option for all distances, except 
those under around 20 km. For distances below 20 km, pipehne delivery of CH2 becomes 
the cheapest option. 
Figure 7.2i: Cost ofOjf-site Pathways: Variation with Delivery Distance 
(Scenario a, Flow Rate= 0.35t/d) 
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Figure 7.2]: Cost of Off-site Pathways: Variation with Delivery Distance 
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Figure 7.2k: Breakdown of Costs of Off-site Pathways: Variation with Deliveiy Distance 
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When the constituents of the unit costs are looked at (as shown in figure 7.2k), it can be 
seen that, not surprisingly, with changing dehvery distance, the only cost that changes is the 
transportation cost. The cost of pipeline transportation, as mentioned above, is almost 
proportional to distance, while that of road transportation changes very little with distance. 
This is due to the fact that as delivery distance increases, in the case of road transportation, 
it is mainly the cost of fuel that increases, while in the case of pipelines, the extra cost of 
installation (which is almost proportional to the length of the pipeline) is added on. 
7.2.2 Least Cost Delivery Pathways for Off-site Refuelling Stations 
The above analyses (in section 7.2.1) show that the costs of the various dehvery pathways 
change with the set-up of refuelling stations and their flow rates, pipeline network structure 
(in the case of pipeline delivery) and delivery distance. But, can we deduce from the 
analyses here which off-site delivery pathways are the least cost? 
Figure 7.21: Cost of Off-site Pathways: Variation with Flow Rate (Scenario a, Delivery' 
Distance-30 km) 
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As can be seen in figure 7.21, for a delivery distance of 30 km, and for a scenario a 
refuelling station set-up, the least cost pathways change as follows: 
CHa by road + CHg delivery up to around 0.35 t/d—followed by 
LHg by road + LHg delivery (or CH2 delivery) up to around 1.5 t/d—followed by 
CH2 by pipeline + CH2 delivery. 
Similarly, as shown in figure 7.2j for a constant flow rate of 0.8 t/d, and varying delivery 
distances, the least cost pathways change as follows: 
CH2 by pipeline + CH2 delivery up to around 20 km—followed by 
LH2 by road + LH2 delivery 
Therefore the two main factors determining the least cost pathway are flow rate and 
delivery distance. Combining flow rate and delivery distance, least cost pathways can be 
shown as in figures 7.2m, 7.2n, and 7.2o. This has been done for scenarios a, b and c. Each 
square represents a particular flow rate and distance. 
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Figure 7.2m: Least Cost Delivery Pathways: Scenario a 
6(24) P P P P P P P P[l] 
4(16) P P P P P P P 1 
Flow rate* 3.2 (12.8) P P P P P P P[l] 1 
(t/d) 1.6 (6.4) P P P p[l] L 1 1 1 
0.8 (3.2) P P P[l] 1 L 1 1 L 
0.4(1.6) P 1 1 1 L 1 1 L 
0.2 (0.8) c[p] c c c C c c C 
0.5 10 20 30 40 50 60 70 
Distance (km) 
p: CH] by pipeline + CH2 delivery 
c: CH2 by road + CH2 delivery 
1: LH2 by road + LH2 delivery 
[1]: letters in brackets mean that the two delivery pathways are very close 
* The flow rates in brackets are the total flow rates, as there are 4 of each 
Figure 7.2n: Least Cost Delivery Pathways: Scenario b 
in cost, 
station. 
3(24) P P p P P l[p] 1 L 
2(16) P P p P 1 [P] 1 1 L 
Flow rate 1.6 (12.8) P P p l[p] L 1 1 L 
(t/d) 0.8 (6.4) P P l[p] 1 L 1 1 L 
0.4 (3.2) P P[l] 1 1 L 1 1 L 
0.2(1.6) C[p] c c c C c c C 
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Distance (km) 
p: CH2 by pipeline + CHt delivery 
c: CHt by road + CH2 delivery 
1: LH2 by road + LH? delivery 
[1]; letters in brackets mean that the two delivery pathways are very close in cost. 
* The flow rates in brackets are the total flow rates, as there are 8 of each station. 
Figure 7.2o: Least Cost Delivery! Pathways: Scenario c 
3(24) P P P P P P P P[l] 
2(16) P P p P P P P[l] l[p] 
Flow rate 1.6 (12.8) P P p P P P[l] l[p] L 
(t/d) 0.8 (6.4) P P p p[l] L 1 1 L 
0.4 (3.2) P P l[p] 1 L 1 1 L 
0.2 (1.6) c[p] c c c C c c C 
0.1 (0.8) c c c c C c c C 
0.5 10 20 30 40 50 60 70 
Distance (km) 
p: CH2 by pipeline + CH2 delivery 
c: CH2 by road + CH2 delivery 
1; LH2 by road + LH2 delivery 
[1]: letters in brackets mean that the two delivery pathways are very close in cost. 
* The flow rates in brackets are the total flow rates, as there are 8 of each station. 
The pattern of least cost pathways will be different for different refuelling station set-
ups/scenarios. However, as can be seen from figures 7.2m, 7.2n, and 7.2o, in general the 
following trends aie true for all of them: for low flow rates (<0.35 t/d) CH2 by road + CH2 
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delivery is the least cost pathway, for all the delivery distances analysed. For higher flow 
rates, either CH2 by pipeline + CH2 or LH2 by road + LH2 delivery are cheaper: pipeline 
transportation costs less for high flow rates and relatively short distances, and LH2 by road 
costs less for lower flow rates and longer delivery distances. Hence in the above charts 
(figures 7.2m, 7.2n, and 7.2o) a diagonal hne or curve separates pipeline and LH2 by road 
deliveries. The slope or the shape of this line changes for the different scenarios as shown. 
The general shape of the lines separating the three least cost off-site pathways are shown in 
figure 7.2p. In the graph shown x ranges between 0.5km<x<20km; y and z are flow rates at 
each refuelhng station and range between: 0<y<0.35t/d and 0.2t/d<z<0.35t/d. The 
maximum distance is 70 km and the maximum flow rate 6t/d. 
Other parameters will also affect the pattern of least cost pathways; they include various 
assumptions such as those related to unit pipeline installation costs, cost of hydrogen 
carrying vehicles, load/unload times, load factor, discount rate and many others. 
An uncertainty analysis has been carried out in order to assess the overall effect of 
variations in all these parameters on the least cost pathway patterns (see chapter 9, section 
9.2.3.3). It is likely that if some or all of these other parameters are varied, the least cost 
pattern will change at the border lines separating one least-cost pathway from another-
particularly where the costs for two different pathways are very close, such as those shown 
in figures 7.2m, 7.2n, and 7.2o by the square brackets. In these boxes the difference 
between the unit cost of the two pathways concerned is less than 12%, which is, in most 
cases, less than the estimated cumulative uncertainty^^ in the model outputs (see chapter 9, 
table 9.2f). 
The cumulative uncertainties calculated in chapter 9 are likely to be over-estimations (see section 9.2.2.1). 
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7.3 Comparing Least Cost Off-site and On-site Pathways 
In this chapter it has been shown that for an on-site hydrogen refuelling station hydrogen 
production using SMR (or PEM or alkaline electrolysis for flow rates lower than 0.8 t/d), 
followed by CH2 storage and dispensing is the cheapest hydrogen delivery option. 
In the case of an off-site hydrogen refuelling station it has been shown that certain 
transportation-dehvery options are cheaper than others for certain delivery distances and 
flow rates (as shown in figures 7.2m, 7.2n, and 7.2o). 
But when do on-site refuelling stations cost less than off-site ones, and vice versa? This 
section tries to answer this question, and examines the parameters which affect the choice 
between the two infrastructures. The assumptions made regarding flow rates and distances 
in the scenarios analysed, reflect as much as possible an early infrastructure in London for 
buses, and have been based on data on London bus depots (Joffe 2005). 
As well as the size of each refueUing station and their distance from the production site, (in 
the case of off-site ones), the way an infrastructure will develop over the first few years is 
likely to affect the unit cost of hydrogen. This is because the rate and pattern of up-take of 
hydrogen will affect load factors of some pieces of equipment. These factors and their 
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effects on the costs of hydrogen from both on-site and off-site infrastructures are analysed 
here. 
7.3.1 Comparing On-site and Off-site Infrastructure Scenarios for Buses 
From previous analyses in this chapter, it has been found that the two most likely factors 
that will affect unit costs of hydrogen are flow rate and, in the case of off-site refuelling 
stations, delivery distances as well. To analyse the effect of these two factors on the relative 
costs of on-site and off-site hydrogen refuelling infrastructures, two set-ups, which are 
similar to what might be required in, for example, an area in North East London, are 
compared; they are shown in figures 7.3a and 7.3b. 
It is assumed that five refuelling stations (A,B,C,D and E), at or near bus depots, supply the 
area. In the off-site scenario, a production site supplies them with hydrogen, and in the on-
site scenario each has its own hydrogen production facility. In the case of the off-site 
scenario it is assumed that the method of hydrogen production is SMR, as this is the least 
cost method of production for flow rates of higher than 0.8 t/d (see section 7.1.1). For the 
on-site scenarios all methods of hydrogen production are considered, and the cheapest one 
is chosen in each case. 
In order to see what effect flow rate has on the relative costs of the on-site and off-site 
refuelling scenarios, three sets of flow rates (for all refuelling stations) are compared, for a 
fixed set of distances away from the production site. This is shown in table 7.3a. For the 
on-site scenario it is assumed that the hydrogen is stored as CHi and dispensed as CH2, as 
this has been found to be the least cost method of delivery (see section 7.1.2). For the off-
site scenario the least cost pathway in each case has been chosen, (these depend on flow 
rate and delivery distance). As the scenarios are those for refuelling buses, it is assumed 
that hydrogen is dispensed as CH2 in all cases. The distances between the refuelling sites 
and production site are kept constant at the medium delivery distance (see table 7.3b), and 
the flow rates are varied according to those shown in table 7.3a. 
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Table 7.3a: Flow Rates for Analysis of On-site and Off-site Scenarios 
Refuelling Site Low Flow Rates Medium Flow High Flow Rates 
(t/d) Rates (t/d) (t/d) 
A 0.2 0.4 0.8 
B 0.25 0.5 1.0 
C 0.3 0.6 1.2 
D 0.2 0.4 0.8 
E 0.15 0.3 0.6 
Average 0.22 0.44 0.88 
No. of Buses^ "* 6 to 15 12m30 24 to 60 
Table 7.3b: Delivery Distances for Analysis of On-site and Off-site Scenarios 






A 10 20 40 
B 20 40 80 
C 15 30 60 
D 20 40 80 
E 5 10 20 
Using the on-site and off-site models, the unit costs of hydrogen are derived for these flow 
rates and distances, as shown in table 7.3c. As can be seen from the costs in this table, the 
off-site refuelling scenario is more costly in the case of medium and high flow rates, but 
less costly in the case of low flow rates. This is mainly because the cost of hydrogen from 
off-site refuelling stations is very much dependent on the method of transport: at low flow 
rates, CH2 by road is the method of transport, while for the higher flow rates it is LH2 by 
road. At the low flow rates the cost of the former is much lower than the latter. 
Table 7.3c: Unit Costs of Hydrogen for On-site and Off-site Scenarios 
Station 
Unit Cost of Hydrogen (£/k g) 
Low Flow Rate Med. Flow Rate High Flow Rate 
On-site Off-site On-site Off-site On-site Off-site 
A &23 4.94 4^2 gU6 3.04 6.64 
B 5.45 4.75 3J6 7.98 2.77 6^7 
C 4.9 4.48 3.45 7.87 2.71 6.62 
D &23 5.1 4^2 8J8 3.04 6.66 
E 7 31* 4.90 8.50 3.45 6^2 
Average 6.02 4.95 4.11 8.14 3.00 6.66 
* In this case PEM electrolysis is the cheapest option. 
It was also found that when two different delivery methods are combined (from one 
production site), costs at the production site increase significantly. For example for one 
refuelling site out of the five to be supplied by pipeline, while the others are being supplied 
" This depends both on the flow rate at each refuelling station, and on the fuel requirement of the buses. Here 
it is assumed that the fuel requirement ranges from 20 to 25 kg of hydrogen per bus. 
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by liquid hydrogen tanker, the production site will need to have storage for liquid and 
compressed hydrogen, in addition to a compressor and a liquefier. A production site 
supplying only liquid hydrogen to all the respective refueUing sites only needs to have a 
liquefier and liquid hydrogen storage. 
The effect of changing deUvery distances is also investigated. Delivery distance to each 
station is changed from short, to medium to long, as shown in figure 7.3c. Again, in each 
case the least cost delivery option is chosen with regard to the off-site scenarios. For low 
flow rates, no matter what the delivery distance, CH2 by road is the least cost option. For 
medium flow rates, for all distances LH2 by road is the least cost option, and for high flow 
rates LH2 by road is the least cost option, except in the case of short distances, where CH2 
delivered by pipeline is cheaper. 
As can be seen from figure 7.3c, in all cases on-site refuelling is the least cost option, 
except in the case of low flow rates, where off-site is cheaper. This is mainly because the 
method of delivery in this case is CH2 by road, which is a relatively low cost option. 
As well as costs, there are other important limitations that need to be considered when 
making a choice between on-site and off-site infrastructure. Two such factors are 
availability of space and planning permission, which both may present difficulties for an 
on-site hydrogen refuelling station in the central areas of London. 
An important point to consider is that for a new refuelling infrastructure the demand is 
likely to grow for the first few years, at most of the refuelling sites, if not all. The capacity 
of the infrastructure needs to accommodate this possibility for growth. This point is 
explored further in the next section. 
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Figure 7.3c: Unit Costs of Hydrogen for On-site and Off-site Scenarios: Vaiying Flow 
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High Flow Rate* 
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* Delivery method is CHa by road dispensed as CH2 
** Delivery method is LH2 by road dispensed as CH2, except in the case of short delivery distance where it is 
CH? by pipeline. 
7.3.2 Early Market Development Effects 
As mentioned above, at the beginning of the development of a hydrogen infrastructure 
demand is likely to grow. This growth in demand needs to be considered when deciding on 
the capacity of the equipment on the refuelhng and production sites. 
In the case of SMR plants, because the capacity cannot be increased incrementally for the 
first few years this type of plant is likely to have relatively low load factors, depending on 
the rate of growth in demand. Electrolysers, on the other hand, can have units of extra 
capacity added on as necessary; this means that their load factor does not need to fall below 
the baseline 70%. 
It must also be considered that once a refuelling infrastructure is in place, it would not 
normally be economical to replace it by another version, before the end of its lifetime, i.e. 
although an off-site refuelhng network might be less costly for low flow rates, it would be 
uneconomical to replace it by an on-site network for medium and high flow rates, before it 
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has reached the end of its hfetime. The analysis here is done for an overall assumed lifetime 
for the infrastructure. 
Theoretically there are two potential ways in which a hydi'ogen bus refuelling network 
could develop. Each bus depot could gradually convert its buses to using hydrogen (gradual 
conversion), or entire bus depots could one by one (or two by two) convert their fleets to 
hydrogen (phased conversion). Both of these options aie investigated here. 
7.3.2.1 Gradual Conversion of Each Bus Depot to Hydrogen 
Assuming the lifetime of the infrastructure is 15 years (which is equal to or close to the 
lifetime of most of the equipment), the demand at the refuelhng stations could be as that 
shown in table 7.3d. It is assumed that maximum demand is reached in the last five years, 
and that at this point the load factor is 70 percent; from this the required capacity at each 
station is calculated using the models. These capacities are also shown in table 7.3d. In 
turn, the corresponding load factors are calculated from these capacities and the demand in 
the first and second five years. 
As the demand is relatively low compared to the capacity, the load factor is also very low in 
the first five years. As the demand increases, so does the load factor. For low load factors, it 
is likely that SMR production becomes more expensive than electrolysis. In addition, with 
current technologies, if SMRs are operated below 30% loads, significant damage could be 
caused (Joffe, Hart et al. 2003). Therefore, for the first and second five years of operation, 
hydrogen production by electrolysis is also considered. 
Table 7.3 d: Demand for Hydrogen for the 3 Five-Yearly Intervals 
Refuelling 
Station 















A 0.2 15.7% 0.4 31.496 0.8 70% 1.14 
B 0.25 15.7% 0.5 31.49& 1 70% 1.43 
C 0.3 15.7% 0.6 31.496 1.2 70% 1.71 
D 0.2 15.7% 0.4 31.49& 0.8 70% 1.14 
E 0.15 15.7% 0.3 31.496 0.6 70% 
Total 1.1 2.2 4.4 7.01* 
*This value is Ihe total capacities plus any process losses of hydrogen that may occur. 
The load factors in table 7.3d, only apply to equipment whose capacity cannot be increased 
incrementally by the addition of discrete units. These include SMRs, liquefiers and 
compressors. Equipment such as transportation vehicles and dispensers do not fall into this 
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category, and just as for electrolysers these are assumed to have a constant load factor of 70 
percent. 
As mentioned in section 7.1.1, because PEM electrolysis is only available for capacities of 
around It/d or less, for higher capacities only SMR and alkaline electrolysis are considered. 
For capacities lower than 1 t/d, the less costly technology is chosen in each case. 
The on-site and off-site models are run for the flow rates (or demand) and load factors 
shown in table 7.3d, except in the case of equipment such as electrolysers, dispensers and 
transportation vehicles, where the load factor is assumed to equal 70% in all cases. It is 
assumed that the delivery distance remains the same at the medium values (see table 7.3b). 
The results of these runs are shown in figure 7.3d. It can be seen that for the first five years, 
the off-site pathways have lower unit costs, while for the second and third five years the 
inverse is true. This is so because for the first five years the method of transportation is CH; 
by road for the off-site pathways, while for the following periods it is LHz by road. The 
latter mode of transportation is much more expensive than the former. The reduction in the 
unit cost from the second to the third five years for the off-site pathways is due to the 
increase in load factor. 
It would not, however, make sense to start off with an off-site network and after five years 
to switch to an on-site one. Therefore, in order to make a decision on which of the 
pathways to follow, one needs to see what the average unit cost of hydrogen is for all the 
pathways, over the lifetime of the infrastructure (here 15 years). These costs have been 
calculated for all the production-delivery pathways shown in figure 7.3d: for these cases the 
demand growth rate is assumed to be medium. 
Average unit costs have also been derived for & faster and slower growth rate. For the 
slower demand growth rate it is assumed that the lower load factors continue for the first 8 
years, followed by the medium load factors which continue for the next 4 years, and the 
higher load factor for the remaining 3 years. For the/as? growth rate, it is assumed that the 
low load factor only continues for the first 3 years, and the medium load factor for the next 
4 years, and the high load factor for the remaining 8 years. The average unit costs for all 
these scenarios are shown in figure 7.3e. 
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Figure 7.3 d: Unit Cost of Hydrogen for On-site and Off-site Scenarios- Gradual 
Conversion: Varying Load Factors 
F i rs t 5 y e a r s S e c o n d 5 y e a r s Th i rd 5 y e a r s 
H On-siteiSiVIR 
123 On-s i te : E lect ro lys is 
• Off-s i te: S M R + Rd. 
T r a n s p . 
E Off-s i te Electrolysis-t-Rd. 
T r a n s p . 
It can be seen that for a slow demand growth, the average unit costs for the various 
production-dehvery scenarios are very close, and the least cost pathway is on-site 
electrolysis (PEM for low flow rates and alkaline for higher flow rates), followed very 
closely by off-site SMR (delivered by road as CHg for low flow rates and low load factors 
in the first 8 years, and then as LH2 for higher flow rates). For medium demand growth the 
on-site scenarios are very close in cost, and are both much lower than the off-site scenarios. 
For the high demand growth rate, the on-site scenaiios are again cheaper than the off-site 
scenai'ios, but in this case on-site SMR is the least cost option. 
From figure 7.3e, it can also be seen that the faster the growth rate the lower the value of 
the average unit cost of the least cost option. This is not surprising, as the faster the growth, 
the sooner the load factor becomes equal to the highest value (in this case 70%); the higher 
the load factor the lower the overall unit cost of hydrogen. 
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Figure 7.3e: Average Unit Costs of Hydrogen for Various On-site and Off-site Scenarios-
Gradual Conversion 
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T r a n s p . 
0 Off-s i te Electrolysis- i -Rd. 
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From the analysis in this section, which looks at the gradual growth of hydrogen demand at 
each refuelling point, it can be concluded that; 
Generally, for very low flow rates off-site refuelling stations, whei'e the 
hydrogen is transported by CH2 tube trailers, is the cheapest option and for 
higher flow rates on-site stations. 
Low flow rates coupled with low load factors favour these off-site refuelling 
pathways even more (as shown in figure 7.3d). 
As demand, or flow rates increase (and consequently load factors), on-site 
refuelhng stations become comparatively cheaper than off-site refuelling 
stations. 
However, in order to make a decision about which infrastructure to install, it is 
important to consider the demand growth effects as well, over the lifetime of the 
infrastructure. 
When the average unit costs of hydrogen over the lifetime of the plant are 
calculated, it is found that for slow demand growth the costs between the on-site 
pathways and off-site SMR are very close (too close to determine which is the 
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least costly taking uncertainty into consideration - see chapter 9, section 
9.2.2.4), while for medium and fast growth rates on-site SMR and on-site 
electrolysis cost much less. 
The faster the demand growth rate, the bigger the difference between on-site and 
off-site options becomes. 
7.3.2.2 Phased Conversions of Bus Depots to Hydrogen 
The analysis in this section concerns the same bus depot set up as the above section, except 
the bus depots are converted completely to hydrogen, but in phases. As shown in table 7.3e 
in phase 1, bus depots A and E aie converted to hydrogen, in phase 2 bus depots A, D, and 
E run on hydrogen, and in phase 3 all bus depots run their buses on hydrogen. 
The load factor for all the refuelhng sites is 70% in all cases. However, the load factor at 
the production site (for off-site pathways) using SMR technology is 22.3% for phase 1, 
35% for phase 2 and 70% for phase 3. This is so, as the SMR at the production site has to 
be built with the highest capacity in mind- its capacity cannot be increased incrementally, 
unhke electrolysers^^. 
Table 7.3e: Demand for Hydrogen for the 3 Phases 
Refuelling 
Station 















A 0.8 70% 0.8 70% 0.8 70% 1.14 
B 1 70% 1.43 
C 1.2 70% 1,71 
D 0.8 70% 0.8 70% 1.14 
E 0.6 70% 0.6 70% 0.6 70% 0.86 
Total 1.4 2.2 4.4 7.1*1* 
*This value is the total capacities plus any process losses of hydrogen that may occur. 
The on-site and off-site models were run for the flow rates in table 7.3e and the appropriate 
load factors for the three phases. Both electrolysis (alkaline in this case) and SMR were 
considered for on-site and off-site options. For the off-site pathways, LH2 by road and 
pipeline transportation were both included in the analysis. The results of these runs are 
shown in figure 7.3f. 
"• In practice there could also be some obstacles to the addition of further electrolyser units, such as the need 
for planning permission and the availability of space. 
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As can be seen from figure 7.3f, for all phases the two on-site pathways considered aie the 
least cost ones. For the first phase the off-site pathways with pipeline transportation are 
cheaper than the off-site pathways with LH2 by road transportation; this is not the case for 
the second and third phases. The reason for this is the relatively short transportation 
distances in the first phase compared to the second and third phases. 
Just as in the previous section, in order to compare the effects of fast and slow gi'owth in 
demand on average unit costs, the three phases were assumed to last for vaiying periods: 
for the slow growth scenario for example, the first phase goes on for 8 years, the second 
phase for 4 years and the third phase for 3 years. The average unit cost of hydrogen for the 
three different demand growth rates, and the different pathways were derived, and the 
results can be seen in figure 7.3g. It can be seen that for all demand growth rates the trends 
are the same: the on-site pathways have the least cost. These are followed by the off-site 
SMR+ pipeline transportation pathway. 
Figure 7.3f: Unit Costs of Hydrogen for On-site and Off-site Scenarios- Phased 
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Overall for the scenarios analysed in this section, the least cost pathways cost much less 
than in the previous section, where it was assumed that demand for hydrogen would grow 
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gradually in each of the depots. It can therefore be concluded that phased conversion of 
depots is less costly than gradual conversions. 
In all cases, for the flow rates and distances considered, on-site production costs less than 
off-site production pathways. However, as mentioned before, it is possible that due to 
unavailability of suitable space and/or planning permission, on-site refuelling stations 
might not prove possible to build. The next choice depends on the rate of growth in demand 
as well as conversion strategies for the bus depots: 
gradual conversions of bus depots favour off-site pathways with SMR 
production and transportation via LH2 tankers- for all demand growth rates, 
phased conversions of bus depots favours off-site pathways with SMR 
production and transportation via pipehne. (In the case of high demand growth, 
transportation by LHi tankers is also cost competitive). 
In the case of gradual conversions of bus depots, on-site electrolysis (via PEM 
electrolysers) could cost less than on-site SMR for a slow growth in demand. 
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7.4 Summary and Concluding Remarks 
In this chapter both on-site and off-site least-cost pathways are identified. The analyses in 
section 7.1 suggest that out of all the possible on-site hydrogen production-delivery 
options, there can only be three least-cost options: 
1- Production via SMR + Storage as CH2 + Dispensing as CH2 
2- Production via alkahne electrolysis + Storage as CH2 + Dispensing as CH2 
3- Production via PEM electrolysis -f- Storage as CH2 + Dispensing as CH2 
It is also shown that at flow rates higher than around 0.2 t/d, this reduces to only one 
possible least-cost pathway: option 1. At flow rates lower than 0.2 t/d, the cost of on-site 
pathways with hydrogen production via SMR, and on-site pathways with hydrogen 
production via PEM and alkaline electrolysis are very close, and any of them can become 
least-cost pathways depending on values for discount rate, load factor and/or energy costs. 
It has been shown that these results can also be affected by new types of technology 
entering the market (see section 7.1.1.3). 
Furthermore the uncertainty analysis in chapter 9, section 9.2.3.1, shows that possible 
variations in key input parameters mean that below a flow rate of around 1.2t/d there is 
some uncertainty as to which of the production technologies is the least cost one. Taking 
the uncertainty analysis into consideration, it can be concluded that for flow rates up to 
around 0.4 t/d the least cost on-site pathway could be any of the three hsted above (1, 2 or 
3). For flow rates of around 0.4t/d to 1.2t/d, pathways (1) and (2) become the possible least 
cost pathways, and for flow rates higher than around 1.2t/d pathway (1) becomes the only 
least cost on-site pathway. 
The comparison and analyses regarding off-site pathways (section 7.2) revealed that the 
following three options in turn become least-cost options, depending on the flow rate (at the 
refuelling stations) and the distances transported: 
1- CH2 delivered by pipeline and dispensed as CH2 at refuelling site 
2- CH2 delivered by road and dispensed as CH2 at refuelling site 
3- LH2 delivered by road and dispensed as LH2 at refuelling site^^ 
For this pathway whether the hydrogen is dehvered in liquid or gaseous form makes very little difference to 
the unit cost and so the least-cost trends (see section 7.1.2). 
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For off-site pathways, the flow rates and distances transported depend on the set-up of the 
refuelling stations, i.e. the number and size of the stations and their distance from the 
production site. It is shown that, as expected, changing the set-up of the stations affects the 
pattern of least-cost production-delivery options. However, despite this effect, a clear trend 
is found with regard to the circumstances under which each of the three pathways become 
least cost- this trend is shown in figure 7.2p. 
To find out if and when on-site pathways cost less than off-site ones (or vice versa) these 
two types of pathways are compared under various scenarios. These scenarios examine 
different patterns of demand growth and infrastructure development. It is found that in 
almost all cases, on-site pathways are less costly than off-site pathways, for the flow rates 
considered (the maximum total flow rate analysed is 7 t/d, which corresponds to 280-350 
buses fuelled per day- see footnote 54). But more importantly it is found that two key 
factors affect the choice between on-site and off-site hydrogen infrastructure development. 
These are; 
• Level and rate of growth of demand (in hydrogen) 
• Pattern of development of the infrastructure to meet this demand 
The pattern of infrastructure development is analysed through two bus depot conversion 
scenarios (see section 7.3.2). The two scenarios produce different results because the load 
factor is affected differently under each scenario. (The significant effect of load factor on 
unit cost of hydrogen is also shown in chapter 9, section 9.1) 
Another important outcome of these analyses is that in order to make meaningful 
comparisons between on-site and off-site infrastructure development, analyses have to be 
made over the lifetime of the infrastructure, i.e. there has to be a time-related element to the 
analysis. This outcome emphasises the importance of the areas investigated in the chapter 
that follows. 
The findings of this chapter influenced the design of the analyses in chapter 8 in a number 
of ways. Firstly they narrowed down the number of production-delivery pathways to be 
included in the time-related analyses (only those that could potentially be least-cost options 
are considered). Secondly they illustrated the importance for analyses of all factors that 
could affect the load factor- these include rate of demand growth and pattern of 
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infrastructure development. Thirdly in chapter 8, the analyses are based on phased 
conversion strategies for bus depots, as this was shown to be a less costly strategy in this 
chapter (see section 7.3.2). 
It is important to note that the demand growth scenarios analysed in this chapter are very 
different from those analysed in chapter 8 (a number of assumptions are different, e.g. load 
factors). Therefore direct comparisons cannot be made between the unit costs shown in this 
chapter and those in chapter 8. 
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Chapter 8: Time-Related Scenario Analysis 
8.0 Introduction 
The analyses in chapter 7 showed that in order to find out which production-delivery 
pathways are least-cost, it is not enough to compare the pathways at one moment in time. It 
is also important to compare the average cost of the pathways over the lifetime of the 
refuelling infrastructure (which is related to the lifetime of the constituent pieces of 
equipment). 
There are other reasons why time-related analysis of hydrogen infrastructure costs is 
important and necessary. Several parameters can change over time, e.g. demand for 
hydrogen, capital costs of the equipment, and the price of electricity and gas, amongst 
others. Changes in these parameters are likely to affect the costs of every production-
delivery pathway differently. For example pathways which include the use of natural gas 
will be affected by any changes in this parameter while others will not be. 
This chapter examines the effects of the factors most likely to change over time on the 
various least-cost production-delivery pathways. For each set of parameters at least 2 
scenarios are constructed in order to investigate the potential effects on the relative costs of 
the pathways. The central aim of this chapter is to exeimine these effects on the relative 
costs of the different production delivery pathways. From such an analysis it then becomes 
possible to reach some conclusions regarding at what point in time (or at what level of 
hydrogen use) which pathway(s) become least cost. 
8.1 Introduction to Time-Related Scenarios 
8.1.1 Description of Time-Related Scenarios 
Several of the parameters that affect the unit cost of hydrogen can themselves change over 
time. Some will have a more significant effect on the cost of hydrogen than others. As 
argued and discussed in chapter 5, in this study it has been hypothesised that the three time-
related factors which are likely to have the greatest effect on the cost of hydrogen are; 
• The level and rate of growth of demand for hydrogen 
• Changes in energy prices 
• The rate of technology development 
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In order to examine the effects of these parameters on the cost of hydrogen, initially two 
levels of growth (or change) were assumed for all these factors, an upper and a lower. The 
combinations of possibihties yield eight different scenarios, as shown in figure 8.1a. In 
addition to the eight scenarios shown in figure 8.1a, some further scenaiios which are 
variations of the original eight were also examined in order to fine tune the conclusions. 
These are the 'very optimistic rate of technology development' scenaiio, and the 'high gas 
price' scenario, discussed in sections 8.2.1 and 8.2.3 respectively. 
The assumptions and derivations of the high and low levels of hydrogen demand, changes 
in energy prices and in the rate of technology development have already been discussed in 
chapter 5. 


































In addition to the different time-related scenarios, there are a number different pathways for 
the production and delivery of hydrogen. It has already been shown (in chapter 7) that five 
of these are least-cost pathways, two on-site and three off-site (see section 7.4): 
1- On-site SMR + storage and dispensing as CH2 
2- On-site Electrolysis + storage and dispensing as CH2 
3- Off-site SMR 4- pipeline transportation of CH2 + dispensing as CHi 
4- Off-site SMR + transportation as LH2 by road + dispensing as CH2 
5- Off-site SMR + transportation as CH2 by road + dispensing as CH2 
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In the case of the fifth pathway, transportation of CH2 by road is only possible for flow 
rates below 3.5t/d, because of practical considerations such as loading/unloading time. 
In the case of the second pathway, there are two electrolysis options, alkaline and PEM. In 
the analyses that follow, the least-cost technology out of the two is always considered. 
In the case of the fourth pathway, the costs of dispensing hydrogen as LH2 or CH2 are very 
close. However, in this chapter only dispensing as CH2 is considered as the scenarios being 
examined all involve the fuelling of buses or fleet vehicles using gaseous hydrogen. 
Both the on-site and off-site models (following conversion to the time-related mode, as 
explained in chapter 5) were run to generate values for the different time-related scenarios 
for all the least-coat pathways. The time period considered is 2007 to 2025. The results of 
these model runs are discussed in the sections that follow. 
8.1.2 Key Assumptions and baseline values 
As well as assumptions about the high and low values for the three time-related parameters 
mentioned above, there are other factors that could have a significant effect on the unit cost 
of hydrogen. They are: 
1) The commissioning interval 
2) The number of refuelling stations 
3) The distances from production to refuelling sites 
These are all essentially parameters that can have a notable effect on flow rate, 
transportation distance, and/or load factor (which have all been shown to affect the unit cost 
of hydrogen significantly). The commissioning interval (as described in chapter 5, section 
5.1.3.1), affects both the capacities of the production and refuelling site equipment as well 
as the load factor. The longer the commissioning interval the higher the capacities of both 
the production and refuelling site equipment will be relative to the level of demand. The 
average load factor will also be lower, because the difference between the capacity and 
level of hydrogen demand will be greater. 
Although low load factors increase the unit cost of hydrogen, larger capacities lower this 
cost (because of economies of scale). Therefore the effect of changing the commissioning 
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interval on the unit cost of hydrogen needs to be investigated further. The important 
question is whether changing the commissioning interval affects the difference between the 
unit costs of hydrogen from the different production-delivery pathways. This point is 
investigated and discussed in section 8.3.1. 
Changing the number of refuelling stations will affect their capacity, and hence the unit 
cost of hydrogen from them. The effect of changing the number and sizes of refuelling 
stations on the relative costs of the various pathways is investigated and discussed in 
section 8.3.2. 
In the case of the off-site scenarios, the distance between the production site and the 
refuelling stations will affect the unit cost of hydrogen- but differently for pipeline and road 
transportation. This is therefore likely to affect the relative costs of the different production-
delivery pathways, and is investigated in section 8.3.3. 
The range of values considered in section 8.3, and the baseline values assumed for the key 
parameters mentioned above are listed in table 8.1a. 
In choosing a baseUne value for the commissioning interval, considerations would be 
different for on-site and off-site refuelling infrastructures. For both types of infrastructure, 
advance planning would be required. In the case of on-site refuelhng stations, long-term 
planning is not necessary as they will be meeting demand on the site itself and can be built 
as and when required. The off-site production sites, on the other hand, are much larger and 
will be supplying a number of refuelling sites, and so planning will need to consider 
requirements further into the future. 
Therefore, the commissioning interval for on-site infrastructure can be shorter than that for 
an off-site infrastructure. Considering the rates of demand growth analysed here, the 
basehne commissioning interval for on-site infrastructure was assumed to be 1 year, and 
that for off-site infrastructure 4 years. 
In the case of the off-site infrastructure, the baseline value for the number of refuelling 
stations chosen is 10; this value (together with the commissioning intervals assumed) keeps 
the size of the refuelling stations in the 0.2 to 2.6 t/d range for the off-site infrastructure, for 
the levels of hydrogen demand being considered; this corresponds to refuelling capacities 
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of around 8 to 130 buses per day, which is a reasonable assumption judging by cunent bus 
depot sizes (Joffe, Hart et al. 2003) (see section 5.1.3.2, chapter 5). 
In the case of on-site infrastructure, the basehne value for the number of refuelling stations 
built annually is chosen to equal 3. This keeps the size range of the stations between 0.1 
and 2.2 t/d, which is quite close to those for the off-site infrastructure. 
In terms of distances from production to delivery sites, for the baseline case, it is assumed 
that the ten refuelhng stations are at various distances, ranging between 10 and 40km. This 
assumption attempts to 'level the playing field' with regaid to comparing pipeline and road 
delivery costs (pipeline delivery generally costs less for shorter distances, while road 
delivery of hquid hydrogen is less costly for longer distances (see chapter 7, section 7.2.2)). 
Table 8.1a: Key Assumptions for Time-Related Scenario Analyses 
Parameter Baseline value(s) Range of values 
considered 
Commissioning Interval for on-
site infrastructure 
1 year 1 to 2 years 
Commissioning Interval for off-
site infrastructure 
4 years 2 to 8 years 
Number of refuelling stations 
commissioned within the 
commissioning interval 
3 for on-site, 10 for off-
site 
3 to 6 for on-site, 
and 10 to 20 for 
off-site 
Distance between production site 
and refuelling stations 
2x 10km, 2x 20km, 
2x 25km, 2x 30km, 
2x 40km 
5 to 80km 
As well as the three parameters already discussed in this section, another factor that was 
deemed hkely to affect the analyses in this chapter, if altered, is the assumed value for the 
average infrastructure or plant lifetime (baseline value =15 years). This parameter could 
affect the unit cost of hydrogen in each case, as it is related to the decommissioning period-
as explained in chapter 5, section 5.1.3. However, through further analysis it was found that 
changing the average plant lifetime had a negligible effect on the relative costs of the 
different pathways'"^. Conversely the effects of the other three factors discussed in this 
section, i.e. commissioning interval, number and sizes of refuelling stations and 
transportation distance were found to be significant and are discussed further in section 8.3. 
•''' A 50% change in the plant lifetime caused only a slight change in the relative costs of the pathways • 
furthermore the changes only occurred in the last 4 years of the analysis period. 
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8.1.3 What will the Infrastructure Look Like, Based on the Key Assumptions? 
The baseline assumptions discussed in section 8.1.2 above, mean that the off-site hydrogen 
infrastructure is built based on a 4-yearly planning and commissioning interval. So in 2007, 
the capacity of the infrastructure commissioned is based on the anticipated demand for 
hydrogen in 2011, and in 2011, the capacity of infrastructure commissioned is based on 
demand in 2015 and so forth. 
A baseline load factor of 80 percent is assumed^^ for all the equipment. This is in effect the 
maximum load factor, i.e. for example in 2007, the total capacity of the refuelling site 
equipment is equal to the level of demand in 2011, divided by 0.8. The number of off-site 
refuelling sites is assumed to be 10 (as mentioned in section 8.1.2) and the capacity of the 
production site is equal to the total of the refuelling site capacities plus an allowance for 
hydrogen losses that may occur in storage or transportation. 
As mentioned in section 8.1.2, the refuelling sites are at various distances away from the 
production site, ranging between 10 and 40km. Figure 8.1b illustrates how an off-site 
hydrogen infrastructure commissioned in 2007 could look. In 2011, there would be two 
such clusters, in 2015 three clusters and so on for every 4 year interval. In the on-site 
refuelling scenarios, the production site would not exist of course, and the refuelling 
stations would be added on in one year intervals as opposed to 4 year intervals. 
This is a higher baseline load factor compared to that used for the static analysis (which was 70%), because 
the commissioning interval tends to have a lowering effect on the load factor- see chapter 5, section 5.1.3.1. 
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R represents refuel l ing station sites. 
8.2 Time-Related Scenarios and Least-cost Pathways 
In this section the results of running the models for the different time-related scenarios, for 
each of the 5 production-delivery pathways are discussed. 
The annual^^ on-site and off-site models were used to analyse the effects of changes in the 
rate of technology development, energy prices and the rate of demand growth. The time-
related scenarios for which the models were run are those described in section 8.1.1, and 
are denoted by various combinations of three initials as shown in table 8.2a (e.g. scenario 1 
is denoted by HHH). In each case the first letter relates to demand growth (high or low), the 
second to energy prices (high or low) and the third to rate of technology development 
(optimistic or pessimistic). 
' Annual here refers to the versions of the models adjusted to account for the assumed annual changes, as 
described in chapter 5. 
268 







Assumption; High Low High Low Optimistic Pessimistic 
Scenario 1: HHH X X X 
Scenario 2: HHL X X X 
Scenario 3: HLH X X X 
Scenario 4: HLL X X X 
Scenario 5: LHH X X X 
Scenario 6: LHL X X X 
Scenario 7: LLH X X X 
Scenario 8: LLL X X X 
The five least-cost pathways (two on-site and three off-site) identified in chapter 7 were 
each run for the above eight time-related scenarios, with the baseline assumptions 
mentioned in section 8.1.2. 
It was found generally that for all the five production delivery pathways both the annual 
cost and unit hydrogen cost fell into two main categories, those of the high hydrogen 
demand growth scenarios and those of the low hydrogen demand growth scenarios. Within 
these two groups, those with low energy prices cost less than those with high energy prices, 
and in turn within these four groups, the scenarios where the technology development was 
assumed to be optimistic were, as expected, less costly. This is shown in figure 8.2a which 
presents the unit costs for the eight scenarios for one of the on-site least-cost pathways. A 
log scale is used for the y axis in order to show the lines more clearly. 
These results suggest that the rate of demand growth has the greatest effect on unit cost of 
hydrogen, followed by energy prices, followed by technology development. As this ranking 
depends on the assumptions made about future energy prices, the rate of hydrogen 
infrastructure technology development and the rate of demand giowth for hydrogen, for the 
high and low scenarios (in particular the difference between them), this outcome needs to 
be investigated further. This is done in sections 8.2.1 to 8.2.3. 
Although it is interesting to know to which of the factors (of those under analysis) the cost 
of hydrogen is most sensitive, this is not a crucial question when comparing the different 
production-dehvery pathways. A more important set of questions are, how does the 
relative unit cost of hydrogen change for the 5 different pathways under the 8 time-related 
scenarios, and how does this affect the pattern of least-cost pathways? 
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Figure 8.2a: Unit Costs of Time-Related Scenarios for One Pathway: On-site SMR + CH2 
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In chapter 7 (through the static analysis) it was found that the on-site pathways were the 
least cost options for a small number of refuelling stations with relatively low flow rates. It 
was also found that in order to make a true compaiison of on-site and off-site pathways, the 
analysis has to be made over time (see chapter 7, section 7.4). In this chapter (through the 
time-related analysis) on-site and off-site pathways are compared, in order to see if on-site 
refuelling stations are the least cost option and at what level of demand other types of 
hydrogen infrastructure become cheaper, if at all. 
In addition questions that can be addressed by the time-related analyses in this chapter are: 
Will different rates of technology development change the relative costs of the 
various production-delivery pathways? 
Will different rates of demand growth (for hydrogen) change the relative costs 
of the various pathways to each other? 
How different rates of increase in energy prices affect the relative costs of the 
different pathways, e.g., in a scenario where the price of gas is increasing faster 
than the price of electricity, will on-site electrolysis become less costly than on-
site SMR? 
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The sub-sections that follow endeavour to answer the above questions (as well as others). 
8.2.1 Effect of Technology Development on the Cost of Hydrogen from Various 
Pathways 
Two technology development scenarios were initially analysed, referred to as 'optimistic' 
and 'pessimistic' scenarios. The assumptions behind them are described in section 5.2.4, 
chapter 5. 
To find out whether changing the rate of technology development (while keeping other 
assumptions constant) affects the relative costs of the five different production delivery 
pathways to each other, scenarios LLL and LLH were compared for all the production-
delivery pathways. (It must be noted that this comparison could also have been made 
between HHL and HHH, or LHL and LHH, etc.) Figures 8.2b and 8.2c show the unit 
hydrogen costs for these two time-related scenarios. These two graphs look very similar, 
illustrating that the effect of varying rates of technology development on the unit cost of 
hydrogen is minimal. The effect does increase over time, but even at the end of the period 
of investigation, in 2025, the difference between the unit cost of hydrogen under the LLL 
scenario and LLH scenario is only 2 to 6 percent (depending on the production-delivery 
pathway). 
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As explained in chapter 5, according to industry experts, two types of technology are likely 
to develop relatively quickly in the near term and enter the market. These are the new types 
of small SMRs and solid oxide electrolysers (SO). The new types of small SMRs are 
already on the market, in fact, but their output is of the order of 0.2 t/d. According to an 
industry expert (who did not want to be named) two types of solid oxide electrolyser are 
also being developed, one which runs on electricity, but also needs a high temperature 
source (such as industrial steam generation), and one which runs in conjunction with a solid 
oxide fuel cell (SOFC), running on natural gas. 
Assuming larger versions of the new type of SMRs come onto the market by 2009, and the 
two types of solid oxide electrolysers enter the market in 2010, two new on-site production-
delivery pathways can be added to the analysis. The annual on-site model is run for these 
two other pathways for the LLH time-related scenario, the results of which are shown in 
figure 8.2d. As can be seen from this graph the unit costs of hydrogen from both the new 
type of on-site SMRs and the on-site SOFC electrolysis pathways are less costly than the 
original type of on-site SMRs. Therefore, it can be concluded that whenever either of these 
new technologies enter the market, they are likely to be amongst the least-cost options. 
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The development of technologies and the effects of these developments on capital and 
running costs have a great deal of uncertainty associated with them. It was therefore 
deemed necessary to carry out a further scenario analysis in order to investigate the effect 
of technology development on the relative costs of the different production delivery 
pathways. This additional analysis is an extreme one, with the assumption that the capital 
costs of equipment decrease significantly over the analysis period as a result of 
developments in technology- particularly for relatively new technologies. Under this 
extreme scenario, named the HHH, it is assumed for example that the cost of small SMRs 
halve over the period of analysis as do the costs of electrolysers. The results are shown in 
figure 8.2e. 
The graph in figure 8.2e can be compared to that for a similar scenario but with a 
pessimistic rate of technology development: HHL, shown in figure 8.2f. It can be seen from 
this comparison that even laige variations in rate of technology development have an 
insignificant effect on the relative costs of the various pathways. 
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Figure 8.2e: HHH Scenario for 5 Production-Delivery Pathways 
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* This pathway is not apphcable for the hydrogen flow rates considered. 
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8.2.2 Effect of Different Rates of Demand Growth on the Cost of Hydrogen from 
Various Pathways 
As in the case of technology development, two scenarios for demand growth were 
considered: high demand growth and low demand growth. The assumptions behind these 
scenarios are described in section 5.1.2, chapter 5. 
It has already been shown in chapter 7 that the flow rate and capacity of the equipment 
required have a significant effect on the unit cost of hydrogen. Furthermore, figures 8.2a 
and 8.2b above show that scenarios with high demand growth yield notably lower unit 
hydrogen costs than those with lower demand growth. The analysis in this section looks at 
whether the relative costs of the various production-delivery pathways change under the 
two different demand growth scenarios. 
Figures 8.2g and 8.2h show the unit costs of hydrogen for scenarios HLH and LLH. These 
scenarios are identical in all respects except with regard to the level and rate of growth in 
demand for hydrogen. As can be seen the relative costs of the pathways look noticeably 
different under the two scenarios. For instance, under both scenarios on-site pathways cost 
less than the off-site ones, except under the LLH scenario the off-site pathway with CH2 by 
road transportation is also amongst the least-cost pathways for the first four years of the 
analysis period. It must be noted that under the HLH scenario (as well as all other high 
demand growth scenarios) transportation of CH2 by road can not happen because of the 
higher flow rates. 
Another notable difference between the HLH and LLH scenarios is that under the HLH 
scenario the unit cost of all pathways, except the on-site SMR pathway, converge and 
remain very similar after 2017. Under the LLH scenario this convergence occurs later on in 
the analysis period (around 2023). However, under the LLH scenario, the costs of on-site 
SMR and on-site electrolysis are closer than under the HLH scenario. 
As mentioned in section 8.1.2, the level and rate of demand growth are affected by 
assumptions about the commissioning interval and number and size of refuelling stations. 
Sections 8.3.1 and 8.3.2 investigate whether changing these assumptions will produce 
different trends compared to those seen in this section. 
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8.2.3 Effect of Changes in Energy Prices on the Cost of Hydrogen from Various 
Pathways 
Two energy price scenarios have been assumed in this analysis. They are described in detail 
in chapter 5, section 5.3. The energy prices that will be changing are those of natural gas, 
electricity and diesel. The effects of these two scenarios on the relative costs of the various 
production delivery pathways are analysed here by comparing the HLH and the HHH 
scenarios. These scenarios are identical except that one assumes a low level and rate of 
increase in energy prices (HLH), and the other a high one (HHH). 
Figures 8.2i and 8.2j show that there is very little change in the relative costs of the 
production delivery pathways between scenarios HLH and HHH. These figures also show 
that the difference between the pathways with hydrogen production via SMR and hydrogen 
production via electrolysis is slightly less under the HHH scenaiio. 
Figure 8.2i: HLH Scenario for 5 Production-Deliveiy Pathways 
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* This pathway is not applicable for the hydrogen flow rates considered. 
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* This pathway is not applicable for the hydrogen flow rates considered. 
Figure 8.2k: HHH- High Gas Price Scenario for 5 Production-Delivery Pathways 
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* This pathway is not applicable for the hydrogen flow rates considered. 
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A third energy price scenario has also been explored, namely the high gas price scenario 
(HHH). This has been done to find out whether a postulated high price of gas -relative to 
electricity, (see section 5.3, chapter 5) would have a notable effect on the relative costs of 
the various production-delivery pathways. 
Figure 8.2k shows the relative costs of the various production-delivery pathways under this 
energy price scenario. It can be seen that the cost of the pathways with hydrogen production 
via SMR become higher, causing the unit costs of all pathways to get closer. In particular 
the cost of the on-site electrolysis pathway is much closer to that of on-site SMR, but the 
latter still remains the least-cost one over the analysis period. 
It can also be seen from figure 8.2k that increasing the gas price has very little effect on the 
unit cost of hydrogen from the off-site pathways. 
8.3 Effects of Altering Baseline Assumptions 
8.3.1 Effect of Changing the Commissioning Interval 
The baseline assumption for the commissioning interval for on-site refuelling stations is 1 
year, and that for off-site stations is 4 years. These intervals were chosen to reflect realistic 
scenarios, as explained in section 8.1.2. 
The length of the commissioning interval affects the capacity of the production site and the 
refuelling stations. Therefore it is likely to have a significant effect on the relative costs of 
the various production-delivery pathways. 
In order to see how sensitive the results of the analyses in section 8.2 are to the length of 
the commissioning interval (C.I.), the C.I. is reduced from 4 to 2 years for the off-site 
pathways; the number of refuelling stations is also reduced from 10 to 5, in order to keep 
the size of the refuelling stations similar. Unit costs are generated for the HLH scenario, 
which is then compared to the costs of the base case HLH scenario (figure 8.3a). 
As can be seen from figure 8.3b, when the C.I. is lowered the unit cost of hydrogen for the 
off-site pathways is also significantly lowered at the beginning of the analysis period-
bringing them closer to the costs of the on-site pathways. 
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Figure 8.3a: HLH Scenario for 5 Production-Deliveiy Pathways; Base case: CI = 4yrs for 
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As can be seen from figures 8.3a, to 8.3d, for all C.I. values, the on-site pathways cost less 
than the off-site pathways at the beginning of the analysis period (up to around 2009), 
except when C.I. for off-site pathways equals 2. In the latter case the CH2 by road off-site 
pathway is amongst the least-cost pathways in the first two years of the analysis period. 
Increasing the C.I. for the off-site pathways lowers their relative costs towards the end of 
the analysis period- as shown in figure 8.3c. It can be concluded therefore that the lower the 
C.I. value for the off-site pathways, the more likely it is that they will be amongst the least 
cost pathways at the beginning of the analysis period, and the higher the C.I. value for these 
pathways, the more likely for them to be amongst the least-cost options at the end of the 
analysis period. 
Increasing the C.I. value for the on-site pathways increases their unit cost- particularly at 
the beginning of the analysis period, but they still remain the least-cost options over the 
analysis period (as shown in figure 8.3d). 
8.3.2 Effect of Changing the Number and Sizes of Refuelling Stations 
As already shown in chapter 7, section 7.2.1.1, the number and sizes of refuelling stations 
can have a significant effect on the unit cost of hydrogen dehvered. To see if changing the 
number and sizes of the stations (while keeping other baseline assumptions constant) has an 
effect on the relative unit costs of the various pathways, the following cases are compared: 
HLH scenario, on-site stations = 3, off-site stations = 1 0 (base case) 
HLH scenario, on-site stations = 6, off-site stations = 10 
HLH scenario, on-site stations = 3, off-site stations = 20 
Reducing the number of stations increases the output per station, and vice versa. As unit 
capital costs are reduced with increasing capacity, reducing the number of stations is likely 
to reduce the unit cost of hydrogen delivered. 
It can be seen from figure 8.3e that doubhng the number of off-site refuelling stations-
which is the same as halving the capacity of the stations only has a significant effect on the 
unit cost one pathway- that with pipeline transportation. The unit costs of the latter pathway 
increases (as the number of pipelines installed is doubled), making it even more costly than 
the other pathways over the analysis period. The trends in terms of least cost pathways are 
the same as those in the base case HLH scenario (figure 8.3f). 
283 
Figure 8.3e: HLH Scenario for 5 Production-Deliveiy Pathways; Size of Ojf-site Refuelling 
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Figure 8.3f: HLH Scenario for 5 Production-Deliveiy Pathways; Base case 
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Figure 8.3g: HLH Scenario for 5 Production-Delivery Pathways; Size of On-site Refuelling 
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The effect of decreasing refuelling station sizes in the case of on-site pathways has also 
been analysed. As can be seen from figure 8.3g, decreasing the size of the on-site refuelling 
stations increases their unit costs, which brings their cost closer to those of the off-site 
pathways over the analysis period. 
It can be deduced from this analysis that larger on-site refuelling stations are more likely to 
be cost-competitive with off-site ones. It is therefore, better to have, e.g. four It/d stations 
than eight 0.5 t/d stations. 
Combining the possible effects of changing refuelling station sizes and C.I. values is also 
interesting to observe- particularly if both changes have the same effect (e.g. if both bring 
the cost of off-site and on-site pathways closer together). For example, if the size of on-site 
refuelling stations is halved, and the value of C.I. interval is increased for off-site pathways 
(to 8 years), the resulting unit costs of on-site pathways will be higher, and those of off-site 
pathways will be lower, compared to the base case scenario. This is shown in figure 8.3h. 
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As can be seen, under the latter scenario the unit costs of all pathways become very close in 
the last 5 years of the analysis period. 
Figure 8.3h: HLH Scenario for 5 Production-Delivery! Pathways; Size of On-site Refuelling 
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8.3.3 Effect of Changing Delivery Distances 
It was found from the analysis in chapter 7, that for off-site pathways the distance the 
hydrogen had to be transported between the production and refuelling site(s) had a 
significant effect on the unit cost of hydrogen - particularly for the pathway involving 
pipeline transportation (see section 7.2.1.3). 
It is, therefore, highly likely that changing the assumptions regarding transportation 
distances will change the relative costs of the various production delivery pathways under 
the time-related scenarios. In order to find the extent of this effect, two scenarios with short 
and long delivery distances respectively were analysed. Under the short-deli very-distance 
scenario the basehne delivery distances were halved, and under the long-delivery-distance 
scenario they were doubled. The various distances are shown in table 8.3a. 
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Table 8.3a: Assumptions for Short and Long Delivery Distance Scenarios 
Refuelling site* Delivery Distances (km) 
Baseline Short distances Long distances 
A 10 5 20 
B 20 10 40 
C 25 12.5 50 
D 30 15 60 
E 40 20 80 
* There are 2 of each type of refuelling station. 
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Figure 8.3k: HLH Scenario for 5 Production-Deliveiy Pathways; Base case 
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Figure 8.3i shows the results under the HLH time-related scenario assuming short delivery 
distances. As can be seen, compared to the base case, the pathway including pipeline 
delivery is the only pathway whose costs are notably reduced, making it the second least-
cost option between 2014 and 2025. In the HLH base case scenario, the pipeline delivery 
pathway only becomes the second least-cost one after 2021, as shown in figure 8.3ik. 
The effect of flow rates must also be considered, however. As illustrated in figure 8.3j, in 
the case of a low demand growth scenario, such as the LLH scenario, even with short 
distances, the pipeline delivery option does not become the second least cost pathway till 
2022. 
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If the deUvery distance is increased, again the only pathway whose cost is affected notably 
is the off-site pathway with pipeline delivery. As can be seen in figure 8.31 the unit cost of 
the pipeline pathway increases with higher delivery distances, such that it remains the most 
costly option over the whole period of analysis. 
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Changes in the pipehne structure can also affect the cost of the pathway with pipeline 
delivery (see section 6.4.2, chapter 6, and section 7.2.1.2, chapter 7). In all the time-related 
analyses a simple 'spider' structure for the pipelines is assumed (as shown in figure 8.1b). 
If more information had been available and could have been fed into the model, then 
'branched' forms of pipeline structure (such as that shown in figure 6.2k in chapter 6) could 
also have been used in the scenario analyses- this would have made the cost of the pathway 
with pipeline transportation relatively lower. 
The fact that both length and structure of pipelines can affect the unit cost of hydrogen 
emphasises the importance of knowing the size and location of refuelling stations when 
estimating the cost of the various pathways (see section 10.7.1, chapter 10). 
8.4 Summary and Concluding Remarks 
8.4.1 Summary of Conclusions for Time-Related Analyses 
Analysis of Base Case Scenarios 
The main conclusions reached from the analyses in this chapter are as follows: 
1) For all the eight time-related scenarios (LLH, LLL, HLH, etc.) it was found that over 
time, the unit costs of hydrogen from the various production-delivery pathways 
gradually converge, such that while at the beginning of the analysis period, the range 
in unit costs is between a few hundred £/kg to £20/kg, after 2015 (or 8 years into the 
analysis period) all unit costs fall within an approximate £15/kg cost band, ranging 
from £4.5/kg to £19/kg under the low demand scenarios and £3/kg to £8/kg for the 
high demand scenarios. Unit costs of all pathways continue to fall over the rest of the 
analysis period, but this decrease is more prominent for the low demand scenarios. (It 
is interesting to note that around £6.5/kg to £7.0/kg hydrogen could become cost-
competitive with diesel, depending on assumptions about future diesel prices- see 
section 10.3.5, chapter 10.) 
2) Although there are differences under the various time-related scenarios in the relative 
costs of the various production-dehvery pathways, the following holds under all the 
time-related scenarios: 
For the first 1-4 years of the analysis period the unit costs of the on-site 
pathways are very close and are lower than the off-site pathways, except for 
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between 2009 and 2010 when the off-site pathway with CH2 delivery by road 
becomes least cost -this is so for all the low hydrogen demand scenarios: LLH, 
LHH, LHL. 
From 2011 onwards, the least-cost pathway becomes on-site SMR, and remains 
so for the rest of the analysis period. 
The on-site electrolysis pathway becomes the second least-cost option for the 
middle part of the analysis period (between 2011 and 2018 for the high demand 
growth scenarios and between 2011 to 2022 for the low demand growth 
scenarios). 
Towards the end of the analysis period, the two off-site pathways iLH] by road 
pathway and the pipeline delivery pathway, become possible second least-cost 
options (just as the on-site electrolysis pathway). This occurs around 2018 for 
the high demand growth scenarios, and around 2022 for the low demand growth 
scenarios. 
3) Both the rate of technology development and changes in energy prices have very little 
effect on the relative costs of the various production-dehvery pathways. The factor 
which has the biggest effect on unit costs was found to be the level and rate of 
demand growth. 
4) The only effect that could be observed with regard to changing energy prices was that 
on the relative costs of on-site SMR and on-site electrolysis from 2009 onwards. 
Under the high energy price scenario the difference between the unit costs of on-site 
electrolysis and on-site SMR is lessened- this is even more so under the high gas price 
scenario. 
5) It was found that changing the rate of technology development has no significant 
effect on the relative costs of the various production-dehvery pathways. However, if 
new on-site hydrogen production technologies are introduced onto the market, they 
are likely to emerge as the least-cost options over the analysis period. 
Changing the baseline assumptions 
As already mentioned, level and rate of growth of demand was found to be the factor which 
had the biggest effect on the relative costs of the various production-dehvery pathways. Not 
surprisingly therefore, it was found (in section 8.3) that changing the assumptions related to 
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the level of demand affected the relative costs of the pathways. The key assumptions 
investigated were the length of the commissioning interval, and the number and capacities 
of the refuelhng stations to be built at every interval. The conclusions reached in section 8.3 
are as follows; 
1) Lowering the commissioning interval for the off-site pathways reduces the unit cost 
of hydrogen from them at the beginning of the analysis period. The most notable 
effect of the latter is that delivery of CH2 by road could become a possible option at 
the beginning of the analysis period - even for the high demand scenarios. 
2) Increasing the commissioning interval for the off-site pathways reduces the unit cost 
of hydrogen from them towards the end of the analysis period. The effect of the latter 
is that the off-site pathways can become less costly than the on-site electrolysis 
pathway at the end of the analysis period, and very close in cost to the on-site SMR 
pathway. 
3) Decreasing the size of the refuelling stations (both on-site and off-site) increases their 
unit costs, and vice versa. This has a notable effect on the unit costs of on-site 
pathways. For example, if the on-site refuelling stations built are half the size of those 
in the base case scenario, towards the end of the analysis period (after around 2022) 
the unit cost of on-site electrolysis becomes higher than that of the off-site pathways, 
and the unit cost of on-site SMR gets closer to the off-site pathways. Therefore, if a 
large number of very small refuelling stations need to be supphed, some off-site 
pathways would be cheaper than some on-site ones. 
4) The effect of changing the length of the delivery distance was also investigated. It was 
found that the only pathway which is significantly affected is that which includes 
pipeline delivery. The shorter the delivery distances, the sooner the cost of the 
pathway with pipehne dehvery falls over the analysis period. For the short delivery 
distances assumed, under the HLH scenario, the pathway with pipehne delivery 
becomes the second least-cost pathway as early as 2014 (as opposed to 2022 under 
the base case HLH scenario). 
8.4.2 Link to Other Chapters 
Chapter 8 is the third of the four analysis chapters. The time-related analyses undertaken in 
this chapter are in fact an extension of the static analyses in chapter 7. As mentioned in the 
introduction, in chapter 7 it was found that in order to make meaningful cost comparisons 
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of the various on-site and off-site production dehvery pathways, it is necessary to take 
time-related parameters into account. Most importantly, as found in chapter 7, the level of 
hydrogen demand and the relationship between capacity and demand are crucial parameters 
when determining which pathways are the least cost ones. 
In this chapter (and in chapter 7) it was found that although there are threshold values (of 
certain key parameters such as flow rate) above and below which one pathway becomes 
less or more costly than another, these values depend on a number of assumptions (e.g. 
values for capital costs, sizes and numbers of refuelling stations, and energy prices). 
Changes in these assumptions can change threshold values. This area is investigated further 
in chapter 9 under the sensitivity and uncertainty analyses. The results and conclusions 
reached in chapters 7 and 8 are all commented on in the light of the sensitivity and 
uncertainty analysis in chapter 10. 
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Chapter 9: Sensitivity and Uncertainty Analysis 
9.0 Introduction 
In the two previous chapters the models have been used to analyse the cost of various 
production-delivery pathways under a number of scenarios. The sensitivities of the results 
to a number of key parameters, such as flow rate, load factor and energy prices have been 
shown as a result. This chapter looks more extensively at the effects of variations in input 
parameters on the output of the models. 
The analysis in this chapter is in two parts. The first part looks at the sensitivity of the 
output of the models (i.e. unit cost of hydrogen) to changes in each of the input parameters, 
for a variety of pathways. The second part explores the possible uncertainties in the input 
parameters and their cumulative effects on the results of the analyses discussed in chapters 
7 and 8. 
Section 9.2, which covers the sensitivity analysis, includes a description of the aims and 
scope of this analysis, as well as the methodology used and the results. As a result of the 
various analyses described in chapters 7 and 8, it was anticipated that the sensitivities of 
input parameters would be different for the various production-delivery pathways; in 
addition a number of key logistic parameters were thought likely to have a significant effect 
on the sensitivity analysis results. This assumption has been tested and explored in section 
9.1.3 and appendix 4(a), and as a result, a number of pathways have been selected and 
included in the sensitivity analysis (see table 9.1b). 
The uncertainty analysis is described in section 9.3, which includes the aims, scope and 
methodology used for this analysis. Although it was the original aim of the uncertainty 
analysis to estimate the cumulative variation in the model outputs shown in all the analyses 
in chapters 7 and 8, due to the limitations of the methodology used it has only been possible 
to estimate these cumulative variations for some of the analyses in chapter 7. Nevertheless, 
the implications of the uncertainties estimated on the results of the other analyses have been 
discussed. 
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9.1 Sensitivity Analysis 
9.1.1 Aim and Scope of Sensitivity Analysis 
The main aim of the sensitivity analysis is to find which parameters have a significant 
effect on the model outputs, under different scenarios and assumptions. To fulfil this 
overall aim, the sensitivity analysis also needs to find; 
• if the effects of the various parameters are different for the different 
production-delivery pathways; 
• if certain key assumptions (such as level of flow rate) affect the 
sensitivities to the various parameters. 
The pathways and scenarios included in the sensitivity analysis are a sub-set of those 
analysed in chapters 7 and 8. The procedure used to select pathways to include in the 
analyses is described in section 9.1.3. This selection procedure has been based on the make-
up of the unit costs of the various pathways, i.e. if a number of pathways were found to be 
similar in terms of the constituent parts of their unit costs, only one has been included in the 
sensitivity analysis. 
The effects of almost all input parameters have been analysed. Where any parameters have 
been excluded it has been because of their insignificant effect on the model output or 
because there are good reasons forjudging that it is very unlikely they will vary 
significantly (see section 9.1.2). 
9.1.2 Input Parameters Analysed 
There are a large number of input parameters that could affect the model outputs for each of 
the production-dehvery pathways (up to around 60). They have been categorised as follows 
in this chapter; 
Process (or technology) specific parameters; these are associated with each 
piece of equipment making up an infrastructure pathway (e.g. SMR, CH2 
storage cyhnders, compressors etc.). They include capital costs, O&M costs, 
efficiencies and many others. 
spatial parameters; these are related to the site or place/country where the 
refuelling network is set up. They include feedstock prices, load factor, discount 
rate and cost of land. 
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logistic parameters: these are specific to the quantity and location of the demand 
for hydrogen: flow rate and distance between production and refuelling sites (in 
the case of off-site stations), as well as number of refuelhng stations. 
Other parameters: these are input parameters which are related to common 
practices within the industry. They include the quantity of storage required, 
pressure of hydrogen for transportation and storage, and levels of project costs 
and contingencies. 
The effect of the logistic and most of the special parameters has already been investigated 
in detail in chapter 7, but, they are included in the sensitivity analysis here in order to see 
their relative importance compared to the other parameters. 
There are a small group of input parameters that have not been included in the sensitivity 
analysis. These include the percentage losses of the various processes- these values are very 
small, typically between 1 to 4 %. As they are so small, the effect of variations in them on 
the model output is insignificant. Another group of excluded parameters are those that are 
the same for all pathways and that are unhkely to change, such as hours of operation in one 
day and number of days of operation in one year. 
9.1.3 Methodology for Sensitivity Analysis 
The sensitivities of all the above-mentioned input parameters are likely to be different for 
the different production-delivery pathways, as each pathway includes a different 
combination of infrastructural components, depending on the method of hydrogen 
production, the type of hydrogen storage and dispensing, and the method of transportation 
(for off-site pathways). [These variations in the components and cost structures can be seen 
in figure IV.a, in appendix 4(a).] 
Furthermore, in the case of each pathway, the sensitivities are likely to be affected by 
assumptions regarding key logistic factors such as the flow rate, as the relative cost 
components will be affected by the latter. [This can also be seen in figure IV.a.] 
The cost component composition of the various pathways are shown and discussed in 
appendix 4(a). In addition the effect of variations in key logistic parameters, i.e. flow rate, 
number of refuelhng stations and delivery distance, on the cost components of the different 
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pathways, were investigated and are shown in the latter appendix. The range of values for 
these logistic parameters in these investigations are given in table 9.1a. 
Table 9.1a: Values of Logistic Input Parameters Used in the Analyses 
Logistic Input Parameter Baseline Value Values Analysed 
Total Flow rate (t/d) 8* 1,8, 16 
No. of Refuelling Stations 10 5, 10, 15 
Transportation Distance (km) 20 10, 20, 40 
*In the case of road transportation of CH?, the baseline flow rate is 3 t/d. 
The analyses discussed in appendix 4(a) were then used to choose which pathways to 
include in the sensitivity analysis. From the analyses in appendix 4(a)), it was found that 
only one of the pathways considered was sufficiently affected by changes in the key logistic 
parameters, in order to make it necessary for the sensitivity analysis to be performed twice 
(that is the on-site pathway with PEM electrolysis). The sensitivity analysis was therefore 
performed for the following pathways, in order to cover all the input parameters: 
to analyse sensitivities to parameters related to the production of hydrogen: 
o SMR+ CH2 stoage+CH? dispensing 
o Alkaline electrolysis+ CH? storage + CH2 dispensing 
o PEM electrolysis+ CH? storage + CHj dispensing (for 2 different flow 
rates: 0.1 t/d and 0.8 t/d) 
- to analyse sensitivities to parameters related to the storage and dispensing of 
hydrogen ; 
o SMR + CH? storage + CH? dispensing 
o SMR + LH3 storage + LH? dispensing 
to analyse sensitivities to parameters related to the transportation of hydrogen: 
o SMR + CH2 by pipehne + storage and dispensing as CH2 
o SMR + liquefaction + LH2 by road + storage as LH2 + dispensing as CH2 
o SMR + CH2 by road + storage and dispensing as CH2 
As well as the technology-related parameters, local, logistic and other parameters are 
included in the analyses wherever they affect the unit cost of the process/es being analysed. 
Table 9.1b summarises the input parameters to be analysed in the case of each of the 
pathways selected for the sensitivity analysis. 
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Logistic 
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Transport 
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X X X 
Other** 
Parameters 
X X X X X X X 
*These include load factor, energy prices, cost of land etc. as described in section 9.1.1. 
** These include parameters that depend on industry practices, such as contingency costs, project costs, etc. 
as described in section 9.1.1. 
For each of the pathway sensitivity analyses the relevant models were run with all input 
parameters kept at baseline values apart from the parameter which was being analysed. This 
latter parameter was varied by a range of values and the conesponding unit cost of 
hydrogen was noted. The parameter in question was changed by a certain percentage 
(above and below its baseline value) based on the range of values (for the parameter) 
obtained from recent literature and/or in consultation with industry experts. These values, 
as well as the baseline values are given in the tables in appendix 4(b). 
Most of these values fall within a 75% deviation either side of the baseline value, as 
appendix 4(b) confirms. Those parameters with percentage deviations higher than 75% fall 
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into two categories: capital costs (including pipeline installation costs) which the model 
outputs are very sensitive to and others such as output pressure, labour and footprint which 
the model output is not sensitive to. In either case, increasing the percentage deviation 
range (to greater than 75%) will not reveal any additional information with regard to the 
extent of sensitivity of the model output to the parameters in question. Therefore, the 
sensitivity analyses that follow have been performed for percentage changes of no more 
than 75% for all the input parameters, which seemed an appropriate range to capture the 
major sensitivities. 
Although most of the input parameters are simple values that are entered into the models, 
the values of certain factors can depend on capacity or flow rate of hydrogen (as discussed 
in chapter 4). These include capital cost of equipment, electricity use, water use, and 
footprint. The relationship of these factors with capacity is as follows in almost all cases: 
Capital cost - a * (capacity)'' 
Where a and b are constants. The upper and lower levels for these constants, in most cases, 
correspond to different sets of data obtained from industry or literature sources. In the case 
of capital costs of SMRs, for example, the upper levels were based on data from Company 
2 (see section 4.2.1.1 chapter 4), and the lower levels were based on data on new types of 
SMRs. For these types of parameters (capital costs, energy use, footprints etc.) that are 
related in this way to flow rate/capacity, the percentage changes were calculated using the 
appropriate constants and are shown in the tables in appendix 4(b). 
9.1.4 Results of Sensitivity Analysis 
The structure of this section and the grouping of the input parameters here are such that 
they reflect the analyses in chapter 7. This has been done in order to show the relative 
importance of some of the input parameters for the key parts of the refuelling infrastructure 
pathways. These key parts fall into three categories: 
• Production 
• Storage and Dispensing 
• Transportation 
Two or more options within the above three categories have been analysed for sensitivities 
in this section, in order to cover all the input parameters present in the models (as explained 
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in section 9.1.3). For example for production the three technologies (SMR, alkaline 
electrolysis and PEM electrolysis) are all analysed separately for their particular input 
parameters. 
In the sections that follow, for each of the technology options analysed, not only the 
technology-specific parameters are analysed but also the local and logistic parameters 
which affect the unit cost of the technology option in question. 
All the input parameters whose sensitivities are analysed in this section can be found in the 
tables in appendix 4(b). The baseline values as well as the highest and lowest values are 
shown there. For most parameters, the high and low values correspond to those obtained 
from industry experts or literature, which are also listed in the tables in chapter 4. However, 
for a number of parameters, for which these data could not be obtained, estimated values, 
based on similar parameters were used (these are shown in italics). For the logistic 
parameters, the range of values corresponds to those used most often in the analyses in 
chapters 7 and 8. 
9.1.4.1 Hydrogen Production Technology Parameters 
Figure 9.1a shows the sensitivities of the input parameters related to SMR, for the pathway: 
on-site SMR+ CH? storage + CH, dispensing. 
Similarly figures 9.1b and 9.1c show the sensitivities of the input parameters related to 
alkaline electrolysis and PEM electrolysis, for the following pathways: 
on-site Al. Elec. + CH? storage + CH? dispensing 
on-site PEM Elec. + CH, storage + CH? dispensing 
All three sets of analyses include technology-specific parameters as well as the following 
local and logistic parameters, and a series of other parameters: 
local parameters: load factor, discount rate, price of land, electricity, gas 
and water 
logistic parameter: flow rate 
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other parameters; contingency costs, footprint contingency, project costs 
(engineering, planning, etc.)^° 
The input parameters selected for analysis here all affect the unit cost of hydrogen 
production. 
As can be seen from figures 9.1a, 9.1b and 9.1c, the sensitivity trends for all three 
production options are very similar. Moreover, there are only a small number of production 
process-specific input parameters to which the model output is very sensitive. These, which 
are shown in bold on the graphs, are the capital cost of the production equipment, its 
lifetime, and fuel price and fuel consumption (this is NG in the case of SMR and electricity 
in the case of the electrolysers). For example a 50% change in the capital cost of a SMR 
changes the model output by around 20%. 
All other parameters to which the unit cost of hydrogen is notably sensitive are either site-
specific (or location-specific), (load factor, discount rate, and to a lesser extent land price), 
or logistic (flow rate). These are also shown in bold on the graphs. It must be noted that it is 
highly improbable for certain parameters, such as the discount rate, price of land, and 
lifetime of equipment to be more than 50% different from their baseline values. In addition, 
of course, since the load factor cannot be more than 100%, it would not make sense to show 
sensitivities to values higher than this. 
The level of variation in the production equipment capital costs (given in tables IVa, IVb, 
and IVc in appendix 4(b)) have been based on data from industry as well as relevant 
publications. In the case of capital costs of SMRs, the upper levels are based on data from 
Company 2 (see section 4.2.1.1 chapter 4), and the lower levels are based on data on new 
types of SMRs. The data used for the upper and lower sets of constants for capital costs of 
alkaline electrolysers (as shown in table IVb), are from recent publications (H-SAPs 2001) 
and (Weinert 2005). The upper and lower capital cost data for PEM electrolysers are based 
on industry sources as well as literature (H-SAPs 2001). 
Contingency cost and project costs are estimated percentages of total capital costs, while footprint 
contingency is an estimated percentage of total footprint. 
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Figure 9.1a: Sensitivities of Model Output to SMR Input Parameters 
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Parameters with <2% effect on unit cost of hydrogen have not been shown on graph; electricity use, water 
use, SMR output pressure, water price, footprint contingency and shipping cost. 
The model output is affected very httle by changes in the other parameters analysed. In fact 
a change of up to 75% in these parameters results in a less than 5% change in the unit cost 
of hydrogen, as figures 9.1a, 9.1b, and 9.1c illustrate. Some of the parameters analysed 
affected the unit hydrogen cost by less than 2%; these have not been shown in the figures, 
in order to reduce over-crowding of the lines, but have been listed below the appropriate 
graphs. 
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Figure 9.1b: Sensitivities of Model Output to Alkaline Electrolysis Input Parameters 
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Parameters with <2% effect on unit cost of hydrogen have not been shown on graph: O&M cost, water use, 
cooler cost, electrolyser output pressure, hfetime, footprint, installation cost, shipment cost, water price, 
contingency, footprint contingency. 
In section 9.1.3 and appendix 4(a) it has been shown that flow rate has a significant effect 
on the unit cost constituents of the on-site pathways analysed here. It is possible, therefore, 
that the sensitivity analysis is affected by the baseline value of the flow rate. This has been 
investigated by carrying out the sensitivity analysis for one of the pathways at two different 
flow rates. In the analyses discussed above (shown in figures 9.1a, 9.1b and 9.1c), the 
baseUne flow rate used is 0.8 t/d. The on-site pathway with PEM electrolysis has been 
analysed for sensitivities using a baseline value of 0.1 t/d as well. The result of this analysis 
is shown in figure 9.Id. By comparing the results shown in figure 9.Id with those in figure 
9.1c, it can be seen that there is no difference with regard to which input parameters the 
model output is most sensitive to. However, in the case of some parameters the sensitivities 
are at differing levels; for example in the case of the low baseline flow rate the output is 
less sensitive to load factors compared to the high baseline flow rate. 
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Figure 9.1c: Sensitivities of Model Output to PEM Electrolysis Input Parameters: High 
Baseline Flow Rate (0.8t/d) 
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Parameters with <2% effect on unit cost of hydrogen have not been shown on graph: O&M cost, water use, 
cooler cost, electrolyser output pressure, footprint, installation cost, shipment cost, water price, contingency, 
footprint contingency. 
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Figure 9. Id: Sensitivities of Model Output to PEM Electrolysis Input Parameters: Low 
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Parameters with <2% effect on unit cost of hydrogen have not been shown on graph: O&M cost, water use, 
cooler cost, electrolyser output pressure, footprint, installation cost, shipment cost, water price, contingency, 
footprint contingency. 
9.1.4.2 Hydrogen Storage and Dispensing Parameters 
As discussed in section 9.1.3, for on-site pathways with varying storage-dispensing 
regimes, the following two pathways were selected for the sensitivity analyses, since 
between them they cover all pieces of equipment involved: 
- SMR -H CH? storage -t- CH? dispensing 
- SMR + LH? storage + LH? dispensing 
The input parameters analysed are mostly process related (e.g. capital cost of equipment, 
O&M costs, etc.). There are also some which are process related, but whose values depend 
on industry norms and practices; these consist of storage pressure, number of storage days 
(at refuelling site), labour requirement (for dispensing) and dispensing pressure. 
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The two sets of analyses, as well as process-specific parameters include the following local 
and logistic parameters, and a series of other parameters: 
local parameters: load factor, discount rate, price of land and electricity, 
wages, safety perimeter around storage cyhnders 
logistic parameter: flow rate 
other parameters: contingency costs, footprint contingency, project costs 
(engineering, planning, etc.)^' 
The input parameters selected for analysis here all affect the unit cost of hydrogen storage, 
compression, hquefaction and dispensing. With regard to the pathways analysed because 
the effect of changing the flow rate is small, the analyses have been carried out for just one 
baseline flow rate: 0.8t/d. 
Figure 9.1e shows the sensitivities of input parameters for CH2 storage and dispensing, 
while figure 9.If shows those for LH2 storage and dispensing. 
Contingency and project costs are estimated percentages of total capital costs, while footprint contingency 
is an estimated percentage of the total footprint. 
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Figure 9.1e: Sensitivities of Model Output to CH2 Storage & Dispensing Input Parameters 
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Parameters with <2% effect on unit cost of hydrogen have not been shown on graph: cyHnders O&M, 
cylinders footprint, storage safety perimeter, storage pressure, compressor O&M, compression ratio, 
compressor lifetime, compressor footprint, liquefier footprint, capital c. of dispenser, dispenser O&M, capital 
c. of storage valve, dispenser electricity use, dispenser lifetime, dispenser footprint, installation cost, shipment 
cost, storage pressure, max. number of cylinders on refuelling site, footprint contingency, wages. 
With regard to pressure of storage and dispensing for CHi, the sensitivity analysis may (or 
may not) be flawed, as it is based on the limited data on storage cylinders in the model. The 
choices and effects of storage and dispensing pressures have been analysed in more detail 
in chapter 6, section 6.4.1.2. As in the previous section, pai'ameters that have less than 2% 
effect on the unit cost of hydrogen when varied by 75%, are not displayed on figures 9. le 
and 9. If (in order to reduce over-crowding of the lines) but are listed below the figures. 
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Figure 9. I f : Sensitivities of Model Output to LH2 Storage & Dispensing Input Parameters 
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Parameters with <2% effect on unit cost of hydrogen have not been shown on graph: capital c. of dewar, 
dewar O&M cost, dewar lifetime, dewar footprint, storage safety perimeter, liquefier footprint, dispenser 
capital c., dispenser O&M cost, dispenser electricity use, dispenser lifetime, dispenser footprint, installation 
cost, shipment cost, number of storage days, max. number of storage cylinders on refuelling site, labour, 
wages, land price, footprint contingency. 
As in the case of the pathways analysed in the previous section, the model outputs for these 
pathways, were found to be very sensitive to local and logistic factors, namely load factor, 
discount rate and flow rate (shown in bold in the graphs). For example, reducing the load 
factor by 25%, can increase the model output by 30%, as shown in figure 9.If. There are 
also a small number of parameters related to the storage, coinpression/liquefaction and 
dispensing processes to which the outputs are sensitive. In the case of the pathway with 
CH? storage and dispensing, these parameters are the dispensing flow rate, compressor 
efficiency and to a lesser extent lifetime of cylinders, number of storage days, price of land, 
capital cost of cylinders, labour (for dispensing) and lifetime of cylinders. Variations in all 
other input parameters analysed have very httle effect on the model output, i.e. less than 5% 
even for a 75% change in the parameter. 
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In the case of the pathway with LH2 storage and dispensing, the process-related parameters 
to which the model output is most sensitive are mainly those associated with liquefaction. 
This is not surprising, as the cost of liquefaction dominates the unit cost of hydrogen for 
this pathway (see figure IV.b, appendix 4(a)). The cost of electricity and engineering costs 
were also found to be important parameters for this pathway, causing around 5% change in 
the output for a 75% variation. 
9.1.4.3 Hydrogen Transportation Parameters 
As discussed in section 9.1.3 the following off-site pathways were selected for sensitivity 
analysis, so that all the input parameters related to the hydrogen transportation options 
would be covered: 
SMR + CH2 by pipeUne + storage and dispensing as CH2 
SMR + liquefaction + LH2 by road + storage as LH2 + dispensing as CH2 
SMR + CH2 by road + storage and dispensing as CH2 
Although each of the above pathways includes a different set of equipment (e.g. 
compressors, liquefiers, storage tanks, etc.) in the analysis in this section only input 
parameters associated with transportation have been included. This is because the 
parameters associated with the other processes have been covered elsewhere (sections 
9.1.4.1 and 9.1.4.2). 
In addition to the parameters related to the various modes of transport the following local 
Eind logistic as well as some other parameters are included in the analyses: 
local parameters: load factor, discount rate, price of land, electricity and diesel, 
driver wages, and wages for engineer at production site^^. 
logistic parameter: flow rate, distance transported and number of refuelling 
stations 
other parameters: contingency costs, footprint contingency, project costs 
(engineering, planning, etc.), pressure at production and refuelling sites, and 
number of storage days at production site. 
As discussed in section 9.1.3 (and shown in appendix 4(a)) logistic factors do affect the 
percentages of the constituents of the unit costs. However, in all cases it was found that 
This is only analysed in cases where the flow rate at the production site is >5t/d. It is assumed that for lower 
flow rates the production site would be unmanned. 
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varying the levels of these logistic factors does not affect the relative importance of the 
contribution from transportation. Therefore the analyses here have been carried out for one 
set of values for the logistic parameters- the baseline values shown in table 9.1a. 
Figures 9.1g, 9.1h and 9.1i show the sensitivities of the various transport related parameters 
to the output of the off-site model, in each case. (As in previous sections, parameters 
affecting the unit cost of hydrogen by less than 2%- for a change of up to 75%, are not 
shown on the graphs for reasons of over-crowding but are listed below the figures.) It can 
be seen that in all three cases, two local parameters, namely discount rate and load factor, 
have a significant effect on the model output. Logistic factors, flow rate and number of 
stations also have a notable effect, and in the case of pipeline transportation the output is 
also sensitive to distance transported (this has been discussed in chapter 7, section 7.2.1.3). 
It is only in the case of the pathways with pipeline transportation and transportation of CH2 
by road that parameters related to hydrogen transportation have significant effects on the 
model output. This is because for these pathways transportation costs make up a notable 
part of overall unit cost, particularly in the case of pipeline transportation (see appendix 
4(a)). 
As can be seen in figure 9. Ig in the case of pipeUne transportation, the important 
parameters (those to which the model output is most sensitive to) include capital cost of the 
pipeline, additional capital cost of pipeline (due to it being in a city rather than a rural 
location), and the hfetime of the pipeline. The latter is not as important as the other two as 
it is not likely for it to vary more than 20% from its baseline value. 
In the case of transportation of CH2 by road the important parameter is trailer capacity, and 
to a lesser extent capital cost of trailer, average speed of trailer, drivers wages, and time for 
loading/unloading. Price of land is also a relatively important parameter in this case. This 
can be seen in figure 9.1h, where the parameters with a significant effect on the model 
output are shown in bold. 
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Parameters with <2% effect on unit cost of hydrogen have not been shown on graph: pipchne diameter, 
pipeline O&M cost, pipeline terminus footprint, pipeline inlet and outlet pressures, land price, engineering 
cost, contingency, footprint contingency, max. number of storage cylinders on production site. 
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Figure 9.1h: Sensitivities of Model Output to Road Transportation {of CH2) Input 
Parameters 
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Parameters with <2% effect on unit cost of hydrogen have not been shown on graph: trailer O&M cost, trailer 
fuel consumption, lifetime of trailer, loading area footprint, vehicle tax and insurance, on-board pressure, 
diesel price, land price at prod, site, contingency, footprint contingency, max. number of storage cylinders a 
prod. site. 
It can be seen from figure 9. li that in the case of the pathway with road transportation of 
LH2, the model output is not sensitive to any of the transportation related parameters. This 
is because, unlike the other two modes of hydrogen transportation, the cost of LH? by road 
transportation makes up a very small percentage of overall unit costs (the main costs in this 
case being that of liquefaction and storage- see appendix 4(a)). 
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Figure 9.1i: Sensitivities of Model Output to Road Transportation (ofLH2) Input 
Parameters 
— — Discount Rate —0— Load Factor Eng. Cost 


















-75 -50 -25 0 25 
% Change in Input Parameter 
5 0 75 
Parameters with <2% effect on unit cost of hydrogen have not been shown on graph: capital c. of truck, O&M 
cost of truck, truck lifetime, loading area footprint, driver's wages, vehicle tax and insurance, off-loading 
losses, truck capacity, load/unload time, average speed, diesel price, load price, contingency, footprint 
contingency, transportation distance, max. number of storage cylinders on prod. site. 
9.2 Uncertainty Analysis 
9.2.1 Aim and Scope of Uncertainty Analysis 
The ultimate aim of the uncertainty analysis is to show the robustness of the analysis results 
discussed in chapters 7 and 8. For example, in chapter 7, section 7.1.2, it was found that the 
least cost storage and dispensing options was that of storage and dispensing of hydrogen in 
compressed form for on-site pathways for all flow rates. The analysis here will show 
whether this is indeed the case even when the input parameters are altered within (heir 
known range of variability. 
Although it was the aim of the uncertainty analysis to estimate the variability of the model 
outputs in all the analyses in chapters 7 and 8, the limitations of the methodology used-
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stemming from limitations on available data- did not make this possible. In order to be able 
to estimate the true variability of the model outputs in all the analyses, it is not enough to 
know the possible range of values for all the input parameters. It is also important to know 
the probability distribution associated with them. In the absence of the latter data a cruder 
method had to be used to estimate the range of variation of the model outputs and hence 
error bars. This method is discussed in the following section. The limitations of this method 
render it unsuitable for estimating the possible variation in the model outputs in analyses 
involving both on-site and off-site pathways. Therefore it has not been possible to estimate 
error bars for the analyses in chapter 8, and for some in chapter 7. However, from the error 
bar estimations which have been possible, some conclusions with regard to these other 
analyses have been drawn. 
9.2.2 Methodology for Uncertainty Analysis 
The most common type of method used for uncertainty analysis in modelling is Monte 
Carlo analysis. This involves the derivation of a probability distribution curve for the 
output of the model, using similar distribution curves for the values of the input parameters 
(Fishman 1996), such as that shown in figure 9.2a. The model is usually run a large number 
of times (of the order of 10,000) in order to achieve such a distribution curve for the output. 
This type of analysis is therefore only possible if the data are available to construct a 
reasonable probabihty curve for each or at least the vital input parameters. In addition it is a 
rather time and computational intensive method. 
There are a number of derivatives of the Monte Carlo method, the most well known of 
which is the Latin Hypercube sampling method. The advantage of this latter method is that 
it requires fewer number of runs to achieve the same results as a Monte Carlo analysis and 
gives more information regarding the extremes of the probability distributions of the 
outputs (Loh 1996). Other similar uncertainty analysis methods which are more efficient 
than the Monte Carlo method have also been devised; for example Response Surface 
Methods. These latter methods reduce the required number of runs even further and so have 
an advantage in particular for comphcated models (Isukapalh 1999). 
If enough data were available to perform a Monte Carlo, or similar analysis, and a 
probability density curve could be obtained for each value of the model output, from such a 
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curve the maximum deviations from the most probable value (here assumed to be the 
output values corresponding to the basehne values for the input parameters) could be 
obtained: these would be the value of % where the probabihty density is very close to zero, 
i.e. +/- 4 in figure 9.2a. These points of maximum deviation could then be used to derive 
error bars at each point representing a model output on a graph (e.g. as shown on figure 
9.2c). It must be noted that the curve in figure 9.2a is a standard normal distribution curve-
not necessarily what would result from a Monte Carlo analysis. The equation for a 
probability distribution curve is: 
y(x) = (e/^(-(x-^i)"/2c"))/c(27r)°"' 
where and a are constants. In the case of a standaid normal distribution curve, as shown 
in figure 9.2a, |i is zero and a is equal to 1; the equation becomes as below: 
y(x) = (e/'(-xV2))/(27t) 0.5 
Distribution curves for different values of and a are shown in figure 9.2b. 
Figure 9.2a: Standard Normal Probability Distribution Cun>e 
N o r m a l PDF 
Source: httD://www.itl.nist.gov/div898/handbook/eda/section3/eda3661 .htm, accessed 12/3/07. 
X is the deviation from the most probable value (in this case assumed to be the baseline value), and the area 
under the curve is the probability of that deviation occurring. 
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9.2b: Probability Distribution Curves for Various Values of ft and o 
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Source: http://en.wikipedia.org/wiki/Gaussian function, accessed 12/3/07. 
Unfortunately, the data gathered on the input parameters used in the modelling analyses in 
this thesis, make it impossible to draw a reasonable distribution curve for any of the 
parameters. At the best, three points of data have been obtained for each parameter. One is 
the baseline value, which here is assumed to be that with the highest probability and the 
other two are the positive and negative deviations from this value (as shown in the tables in 
appendix 4(b)). As the probabihties for the positive and negative deviations aie not known, 
even if a normal distribution curve is assumed, it would not be possible to say where on the 
curve these points of deviation sit. 
Due to the lack of data available for the input parameters involved, therefore, neither the 
Monte Carlo method, nor the other probabilistic uncertainty methods could be used in this 
thesis. Another method was devised and used to estimate the error bars at each point 
representing the model outputs- this has been described in the following two sections. 
It must be noted here that none of the publications related to hydrogen infrastructure 
development and costs found, included an uncertainty analysis, and only a small number 
included a sensitivity or similar analyses ((Stromberger 2003) (Weinert 2005)). One reason 
for this could be the difficulties in gathering enough data to draw distribution curves for 
certain key parameters such as capital costs, system efficiencies and running costs. This 
would not be an impossible task, but a highly time consuming one, and the data gathered 
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would not be free of uncertainty. 
9.2.2.1 Estimating the Error Bars 
As mentioned in section 9.2.1, the purpose of the uncertainty analysis is to test the results 
of the analyses in chapters 7 and 8 as far as possible. Therefore input parameters that are 
going to be the same for all the production-delivery pathways (mainly local parameters) are 
not examined in each case. The effect of changing the input parameters that are different for 
the pathways in question has been examined. 
All input parameters have a range of variabihty. In some cases there was enough data 
available (either from literature or industry experts) to assign upper and lower levels for this 
range (which in most cases deviate positively or negatively from the basehne value). 
However, for other input parameters a sensible range had to be assigned. In some cases 
these have been based on similar parameters for which data was available. These are shown 
in italics in tables tables IV.a to IVk, appendix 4(b). 
The value of some parameters vary with capacity (or flow rate). These include capital cost 
of equipment, electricity use, water use, and footprint. For these types of parameters, the 
percentage variations from the baseline values are calculated using the appropriate 
constants (as explained in section 9.1.3) and are shown in the tables in appendix 4(b). In the 
case of capital costs of production technologies, for error bar estimations here, it has been 
assumed that the deviation from the baseline value is +/-10%, although deviations from the 
baseline shown in tables IV.a to IV.c in appendix 4(b) are higher than this. The reasoning 
behind the latter assumption is explained in section 9.2.3.1. 
In order to estimate the possible variabihty (both positive and negative) of the unit cost of 
hydrogen at each point, the unit cost is derived for all the values of input parameters which 
increase it (to obtain an upper value), and for all the values of the input parameters which 
lower it (to obtain a lower value). As mentioned above, only values for input parameters 
which are different for the pathways being compared, are changed. This was done for a 
range of flow rates, and for the various pathways that were being compared. 
It must be noted that the values at the ends of the error bars (as well as towards the ends) 
are likely to have a very low associated probability. This is the case for two reasons. Firstly, 
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the probabiUty of each of the input parameters being at their upper or lower values is quite 
low, and secondly, the probability of all the input parameters being considered falling at 
their upper or lower values, simultaneously is also very low. These probabilities are not 
known, but if it is assumed that the upper and lower values are half as likely as the baseline 
values (which is itself a conservative assumption), then the probability of the respective 
model outputs will be (0.5)*, where x is the number of input parameters being varied. 
The number of input parameters being varied depends on what production-delivery 
pathways are being compared. In the case of pathways which are similar except in terms of 
the hydrogen production technology, for example, only between 12 and 14 input parameters 
are different, and so it is only the uncertainties arising from these parameters that are 
included. In the case of pathways where the storage and dispensing methods are different, 
around 30 parameters differ. The probability associated with 14 parameters could therefore 
be (0.5)^\ or 6.1x10"^, and that associated with 30 parameters (0.5)"^° or 9.3x10"'°. 
The above scenario described is of course hypothetical, but it illustrates the very low 
probability of the values at the end of the error bars. In order to redress the balance a little, 
and make the error bars more realistic, only parameters which have a high possible 
deviation from their baseline values have been included in the analyses. Here a high 
deviation is assumed to be more than 45%. In addition all parameters which have a 
significant effect on the output, of the model are also included- these have been identified 
in the sensitivity analysis and are defined as those which when altered by 75%, change the 
model output by more than 5%. 
Despite the above-mentioned adjustment, the length of the error bars are likely to be over 
estimated, as the effect of probabilities have not properly been taken into consideration. 
To summarise, in order to derive error bars, positive and negative deviations from the 
baseline value of the model output have been estimated. This has been done by: 
1) Identifying which input parameters will affect uncertainties when comparing the 
pathways in question. Selecting those which have high deviations (>45%) from 
their basehne values and/or have a significant effect on the model output. 
2) Setting the identified input parameters to their lower limit values, and obtaining 
the lower Emit value of the model output. 
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3) Repeating steps 2 for the upper extreme values of the input parameters to obtain 
the upper limit value of the model output. 
4) Using the obtained upper and lower values of the model outputs to draw the 
error bars at the points in question. 
The sections that follow explain the specific derivation of the error bars for the various 
pathway comparisons. The results of these analyses show the robustness (or otherwise) of 
the results of some of the analyses carried out in chapter 7. 
9.2.3 Uncertainties and the Static Analyses 
In chapter 7 the relative costs of the various static (not time-related) production-delivery 
pathways are compared. First the on-site pathways are compared in order to identify the 
least cost ones, then the off-site pathways, and finally a comparison of on-site and off-site 
pathways are made, under various hydrogen infrastructure network scenarios. 
In this section, the possible deviations in unit costs for each of the pathways being 
compared are calculated and subsequent error bars are derived. In each case, as mentioned 
above, only input parameters that are different for the pathways being compaied are 
included in the analysis. 
9.2.3.1 Relative Costs of Production Technologies 
In section 7.1.1 in chapter 7, the costs of producing hydrogen using three different 
technologies (on-site) are compared: SMR, alkaline electrolysis and PEM electrolysis. For 
this comparison, three pathways which are identical except with regard to hydrogen 
production technologies are compared: 
On-site SMR + CH2 storage + CH2 dispensing 
On-site Al. Elec. + CH2 storage + CH2 dispensing 
On-site PEM Elec. + CH2 storage + CH2 dispensing 
Assuming that all pathways are being considered for the same site (therefore local 
parameters such as load factor and discount rate would be the same) the only parameters 
that would be different are those affecting the cost of hydrogen production. These have 
been hsted in tables IV.a to IV.c in appendix 4(b) for the three different production 
technologies. Out of these, as well as other input parameters such as energy prices and 
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other costs (see tables IV.j and IV.k in appendix 4(b)), the variations in input parameters 
which have the highest effect on the model output and those with high uncertainty^^ are 
considered in this analysis. Table 9.2a lists the input parameters whose variation has been 
considered for each of the pathways analysed here. 
Table 9.2a: Input Parameters Included in the Uncertainty Analyses; Production 
Technologies 
Pathway Input Parameters with Large 
Effect on Model Output* 
Input Parameters with High 
Uncertainty 
On-site SMR + CH] storage + 
CH] dispensing 
- SMR capital cost, 
- NG use of SMR, 
- Lifetime of SMR, 
- NG price 
- SMR footprint, 
- SMR output pressure, 
- Engineering and site 
development costs, 
- Contingency 
On-site Al. Elec. + CH2 storage 4-
CH2 dispensing 
- Electrolyser capital cost, 
- Electrolyser electricity use, 
- Electricity price 
- Electrolyser O&M cost, 
- Electrolyser output pressure, 
- Electrolyser lifetime 
- Electrolyser footprint, 
- Engineering and site 
development cost, 
- Contingency 
On-site PEM Elec. + CH; storage 
+ CH2 dispensing 
- Electrolyser capital cost, 
- Electrolyser lifetime 
- Electrolyser electricity use, 
- Electricity price 
- Electrolyser footprint, 
- Engineering and site 
development cost, 
- Contingency 
*These input parameters can also have high associated levels of uncertainty. 
It has been assumed that the deviation from basehne value for capital costs of the 
production technologies is only 10% in this analysis. The baseline data used for the capital 
cost of the SMRs are from Company 1 (see chapter 4), but if the data from Company 2 
were used, then as shown in figure 4.2a, for small SMRs the overall unit cost of hydrogen 
would be between 40 and 65% higher (depending on the flow rate). As stated in chapter 4, 
section 4.2.1.1, the data from Company 1 was chosen as baseline because of the greater 
presence of this company in the UK market. Baseline values for capital costs of alkaline 
and PEM electrolysers were also obtained from industry sources, as were most other 
basehne capital costs. 
The possible variations in capital costs are therefore not due to inaccuracies but a result of 
a choice made between products from different companies, or different sources. The 
assumption here is that the capital costs used as baseline costs (which have been obtained 
from industry sources) are realistic and representative, and can be used as reference values 
Input parameters whose upper and lower values vary more than 45% from the baseline value arc considered 
to have high levels of uncertainty. 
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for the comparisons of the technologies in question. ThelO% variation assumed 
corresponds to the possible difference between the quoted value obtained from the industry 
source and the actual value (this variation could be due to possible miss-quotation, 
rounding error, or customised adjustments required for a particular site), and some error as 
a result of drawing a trend line through the data points obtained (see section 4.2.1, chapter 
4). 
The upper and lower levels of the unit cost of hydrogen are calculated for the different 
pathways at various flow rates, and deviations are calculated from these, using the method 
mentioned in section 9.2.1. The results of this analysis are shown in figure 9.2c.The 
analysis was done for flow rates ranging from 0.1 to 1.6 t/d, which are similar to those used 
in chapter 7 (see figure 7 . la in chapter 7). 
The estimated levels of uncertainty are given in terms of average percentages (of the 
basehne value) in table 9.2b. The level of uncertainty estimated is significant at around 14 
to 24%, and as can be seen from figure 9.2c, the error bars cross for flow rates lower than 
1.2 t/d, indicating a low level of certainty regarding results for lower flow rates. 
Additionally, as shown in section 9.1.4.1, load factor and discount rate also have a 
significant effect on the unit cost of hydrogen, and as they affect capital costs rather than 
running costs, their effect would be more significant on pathways with higher capital costs 
(relative to running costs)^. It is therefore important to investigate how the choice of these 
two factors affects the relative costs of the three pathways with the different production 
technologies. This is done in the following section. 
Appendix 3 gives a breakdown of capital costs and running costs for the different hydrogen technologies 
and processes. 
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Table 9.2b: Uncertainty Analysis: Average Percentage Variation from Baseline Values; 
Production Technologies 
On-site SMR On-site Al. Elec. On-site PEM Elec. 
Positive and Negative 
Average % Variation from 
Baseline 
14% 24% 15% 
Values are given to the nearest 0.5%. 
Combined Effects of Varying Load Factor and Discount Rate 
As already mentioned although load factor and discount rate are site-specific parameters, 
they are likely to affect each of the production pathways differently. 
The higher the load factor the lower the unit cost of hydrogen will be, and the lower the 
discount rate the lower the unit cost of hydrogen. Therefore, to examine the possible effects 
of changing these parameters on the unit cost of hydrogen from the three production 
technology pathways, the following extreme scenarios were analysed: 
Scenario L\ A high load factor (90%) with a low discount rate (10%) 
Scenario H: A low load factor (30%) with a high discount rate (14%) 
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Figures 9.2d and 9.2e below show the unit costs of hydrogen (including error bars based on 
the percentages in table 9.2b) for scenarios L and H. From these figures it can be seen that 
although the general trends are the same as those in the basehne case (shown in figure 
9.2c), under scenario H the unit costs of hydrogen for the different pathways become much 
closer. This results in the threshold flow rate (where SMR becomes cheaper than the 
electrolysis technologies) to increase, from around 0.2 t/d to aiound 0.4 t/d. In addition 
under scenario H, the error bars cross at flow rates higher than 1.6 t/d. 
Figure 9.2d: Uncertainty Analysis: On-site Pathways with Varying Production 
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Figure 9.2e: Uncertainty Analysis: On-site Pathways with Valying Production 
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This uncertainty analysis shows that although the pathway with hydrogen production via 
SMR becomes the least cost option at 0.4t/d, between this flow rate and 1.2t/d there is a 
notable degree of uncertainty due to possible variations in the key input parameters. 
Therefore, the only certain conclusion with regard to hydrogen production technologies is 
that at flow rates above 1.2 t/d it is highly likely that hydrogen produced via SMR is the 
least cost option compared to alkaline and PEM electrolysis. However, even at this flow 
rate (1.2t/d), if the load factor is low and/or the discount rate is relatively high, the 
distinction between pathways with SMR and those with alkaline electiolysis becomes 
blurred. 
9.2.3.2 Relative Costs of Storage-Dispensing Options 
In section 7.1.2 of chapter 7, it is shown that of the four possible options for on-site storage 
and dispensing, one distinctly emerges as much lower in cost compared to the other three. 
This least cost option is that of on-site storage as CH, followed by dispensing as CH?. 
It is found in chapter 7 that the difference between the least cost on-site storage-delivery 
option, and the next cheapest option (storage as LH] followed by dispensing as LH^) is 
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between 100 and 200%; for uncertainties to affect the result of this analysis, the cumulative 
effect of all the uncertainties needs to be in this region. 
To assess the effect of the uncertainties only two of the pathways were analysed; 
On-site SMR + CH? storage + CH2 dispensing 
On-site SMR + LH2 storage + LH2 dispensing 
The levels of uncertainty in the other two pathways (not listed above) would be almost 
identical to the second pathway listed above, as almost the same pieces of equipment are 
utilised. 
In order to estimate the possible positive and negative variations of unit cost relative to the 
baseline value, variations in key input parameters related to the storage, compression, 
liquefaction and dispensing equipment were considered. As in the previous section the key 
input parameters are selected on the basis of their effect on the output of the model or if a 
high level of uncertainty is associated with them. These parameters are listed in table 9.2c 
for each of the pathways being analysed. Production technology parameters were not 
included as these are identical for the two pathways under analysis. As in the case of the 
production technologies, the variation in the capital costs of the storage and dispensing 
equipment are assumed to be 10%, if the source of the costs is industry. However, where 
the source of data is various publications, the variation in capital costs is based on the 
values given in all the relevant publications. 
As in section 9.2.3.1, in order to estimate the error bars around the unit cost values for a 
range of flow rates (which are similar to those in chapter 7, section 7.1.2), all the 
parameters mentioned above were first given their upper value and then their lower values. 
The model output values obtained in each case were used to obtain the deviations from the 
baseline values and so the error bars; these are shown in figure 9.2f. 
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Table 9.2c: Input Parameters Included in the Uncertainty Analysis; Storage-Dispensing 
Options 
Pathway Input Parameters with Large 
Effect on Model Output* 
Input Parameters with High 
Uncertainty 
On-site SMR + CH2 storage + 
CH2 dispensing 
- Compressor efficiency 
- Compressor hfetime 
- Storage cylinder capital cost 
- Storage cylinder lifetime 
- Dispenser flow rate 
- No. of storage days 
- Land price 
- Labour, 
- Cost of engineering and site 
development 
- Max. no. storage cylinders on-
site 
- Capital cost of storage cylinders 
- Storage pressure 
- Capital cost of compressor 
- Compression ratio 
- Dispensing pressure 
- Electricity use 
- Wages 
On-site SMR + LH2 storage 4-
LH2 dispensing 
- Liquefier capital cost 
- Electricity use 
- O&M cost 
- Cooling water requirement 
- Price of electricity 
- Cost of engineering and site 
development 
- No. of storage days 
- Max. no. of storage cylinders on-
site 
- Storage tank capital cost 
- Footprint 
- O&M cost 
- Cooling water cost 
- Dispensing energy use 
- O&M cost 
- Electricity use 
- Labour 
- Wages 
*These input parameters can also have high associated levels of uncertainty, i.e. deviations >45% from their 
baseline. 
Table 9.2d lists the estimated levels of uncertainty in terms of average percentages (of the 
basehne value), for the two pathways with varying storage-delivery options. As can be seen 
from these percentages and the error bars shown in figure 9.2f, the estimated uncertainty is 
relatively low for the CH? storage-delivery pathway, and much higher for the LHt storage-
delivery pathway. This higher level of uncertainty is due to the greater uncertainty (and its 
impact) in liquefier and liquid storage tank capital costs. In any case, it can be seen from 
figure 9.2f that the error bars do not affect the conclusion reached in chapter 7, section 
7.1.2: the CH2 storage + CH2 dispensing option still appears to be a less costly option for 
all the flow rates considered. 
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As shown in section 9.1.4.2, as well as flow rate, load factor and discount rate are two of 
the local factors which have a significant effect on the unit cost of hydrogen for both of the 
pathways analysed here. These two factors affect capital costs rather than running costs, so 
their effect would be more significant on pathways with higher capital costs (relative to 
running costs). It is therefore important to investigate how the choice of these two factors 
affects the relative costs of the two pathways with the different storage-dehvery options. 
This has been done in the section that follows. 
Table 9.2d: Uncertainty Analysis: Average Percentage Variation from Baseline Values; 
Storage-Dispensing Options 
% Variation from Baseline CH; Storage + CH; Disp. LHz Storage + LH^ Disp. 
Positive and Negative 
Average % Variation from 
Baseline 
14% 29% 
Values are given to the nearest 0.5% 
Combined Effects of Varying Load Factor and Discount Rate 
Here, in order to investigate what effects varying the load factor and discount rate will have 
on the unit cost of hydrogen from the pathways under analysis, in particular relative to each 
other, the same methodology has been used as that in section 9.2.3.1. As explained in the 
latter section, the higher the load factor the lower the unit cost of hydrogen will be, and the 
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lower the discount rate, the lower the unit cost of hydrogen. Therefore, to examine the 
possible effects of changing these parameters on the unit cost of hydrogen from the two 
pathways, the following extreme scenarios were analysed: 
Scenario L: A high load factor (90%) with a low discount rate (10%) 
Scenario H: A low load factor (30%) with a high discount rate (14%) 
Figures 9.2g and 9.2h below show the unit costs of hydrogen (including error bars based on 
the percentages in table 9.2d) for scenarios L and H. 
Figure 9.2g: Uncertainty Analysis: Pathways with Varying Storage-Dispensing Options; 
Scenario H 
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Figure 9.2h: Uncertainty Analysis: Pathways with Varying Storage-Dispensing Options; 
Scenario L 
3 5 
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From these figures it can be seen that although the general trends are the same as those in 
the baseline case, under both scenarios H and L the difference between the unit costs of 
hydrogen for the two pathways increases- particularly under scenario H. 
This analysis shows that the choice of least cost storage-dehvery option is not affected by 
changing the load factor and/or discount rate; in the same way as it is not affected by 
changing the flow rate. The least cost option appears to be CHj storage + CH2 dispensing 
in all cases, and uncertainties in the parameters involved have no effect on this conclusion. 
9.2.3.3 Relative Costs of Off-site Pathways 
In section 7.2.1 of chapter 7 the costs of the various off-site pathways, which differ from 
each other in the mode by which the hydrogen is transported, are compared. Three least 
cost transportation options are identified: 
1) CH2 transported by pipeline 
2) CH2 transported by road 
3) LH2 transported by road 
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In chapter 7 it is shown how these three pathways, in turn, become the least cost option 
depending on the flow rate, distance transported and network structure scenarios (a, b, and 
c- see section 7.2.1.1). The only constant threshold value that emerges is that of 0.35 t/d 
flow rate, below which CH2 by road is the cheapest transportation option, irrespective of 
the transportation distance or the structure of the refuelling network. Here the effect of 
uncertainty in the transportation input parameters on this threshold value is shown. 
At flow rates above 0.35 t/d the least cost transportation option could be either LHg by road 
or CH2 by pipeline. Above this flow rate the choice of least cost option depends on three 
factors, flow rate, distance for transportation and network structure scenario. The effect of 
uncertainties in the input parameters related to transportation options can be shown only if 
two of these factors are kept constant. Three sets of analyses were therefore considered: 
X: varying flow rate with constant transportation distance (30 km) and the same 
network structure (scenario a), 
Y: varying transportation distance with constant flow rate (0.35 t/d at each station), 
and the same network structure (scenario a), 
Z: same assumptions as in analysis X but changing the network structure (to 
scenario c®^ ) 
The constant values above have been chosen to coincide with the values used in related 
analyses in chapter 7, section 7.2.1. The flow rate and distance transported in analysis Z are 
chosen so that they are on the border line (see figures 7.2m, 7.2n, and 7.2o), where the cost 
of the two pathways with different modes of transportation are close. 
The input parameters included in the uncertainty analysis are those related to the transport 
costs and as in the previous two sections have been selected on the basis of their effect on 
the model output and their level of uncertainty. These are listed in table 9.2e. In the case of 
the LH2 by road pathway, uncertainty from the derivation of storage, liquefaction and 
dispensing is also added on, as this pathway is different in these areas compared to the 
other two pathways analysed here. 
For pathways with road transportation of hydrogen, there is no difference between scenarios b and c (see 
chapter 7, section 7.2.1) 
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It must be noted, that as in the case of previous uncertainty analyses, the variation in capital 
cost is assumed to be 10% if costs are obtained from an industry source; for capital costs 
obtained from literature this variation is generally higher and depends on the range of 
values obtained. 
Table 9.2e: Input Parameters Included in the Uncertainty Analysis; Transportation Options 
Pathway Input Parameters with Large 
Effect on Model Output* 
Input Parameters with High 
Uncertainty 
Pathway with CH2 by pipeline 
transportation 
- Pipeline capital cost 
- Additional capital cost of 
pipeline 
- Lifetime of pipeline 
- O&M cost of pipeline 
- Pipeline inlet pressure 
- Storage pressure 
- Max. no. of cylinders on 
production site 
- No. of storage days 
Pathway with LH2 by road 
transportation 
- Liquefier capital cost 
- Liquefier O&M cost 
- Lifetime of liquefier 
- Cooling water requirement 
- Liquefier electricity use 
- Losses due to off-loading 
- Max. no. of cylinders on 
production site 
Pathway with CH2 by road 
transportation 
- Capital cost of tube trailer 
- Driver's wages 
- Trailer capacity 
- Load/unload time 
- Av. speed of vehicle 
- Max. number of cylinders on 
production site 
- No. of storage days at production 
site 
*These input parameters can also have high associated levels of uncertainty, i.e. deviations >45% from their 
baseline value. 
The upper and lower values for these parameters are put into the off-site model and 
respective unit costs are obtained. The results of these analyses are shown in figures 9.2i, 
9.2j and 9.2k. The estimated variation (or uncertainty) in unit cost between the pathways 
are indicated by the error bars. It can be seen that for all three analyses (X, Y, and Z), there 
is a greater degree of uncertainty associated with the pathway with pipeline transportation 
of CH2. This is mainly due to the uncertainty in the data on pipeline installation costs. It can 
also be seen from figures 9.2i, 9.2j and 9.2k that the unit cost of hydrogen from CH2 by 
road pathway remains lower than the LH2 by road pathway for all flow rates and distances 
considered (i.e. error bars do not touch at any point). 
These estimated uncertainties indicate that care must be taken with some of the results 
shown in section 7.2.1, chapter 7, with regard to the derivation of least cost pathways, 
where the unit costs of two pathways are close. The threshold flow rates, and transport 
distances (where one pathway becomes cheaper than the other) are affected both by 
assumptions regarding the network structure (as can be seen by comparing analysis X and 
analysis Z) and as indicated by the error bars, by the assumptions regarding the various 
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input parameters involved. It can be concluded that the borderhne between the pathway 
with CH2 by pipeline and the pathway with LH2 by road (shown in figures 7.2m, 1 .In, and 
7.2o) are fuzzy, as is the borderline between the pathway with CH2 by pipeline and that 
with CH2 by road, at very short distances (<lkm). 
The estimated percentage uncertainties in the unit cost of hydrogen for the three off-site 
pathways are shown in table 9.2f It must be noted that these estimated percentage 
uncertainties are only relative ones- i.e. they can only be applied when comparing the three 
pathways in question (with the same production technologies). 
Figure 9.2i: Uncertainty Analysis: Pathways with Varying Modes of Hydrogen 
Transportation; Analysis X 
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Figure 9.2j: Uncertainty Analysis: Pathways with Varying Modes of Hydrogen 
Transportation; Analysis Y 
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Figure 9.2k: Uncertainty Analysis: Pathways with Varying Modes of Hydrogen 
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Table 9.2f: Uncertainty Analysis: Average Percentage Variation from Baseline Values; 
Transportation Options 






Pathway with CH? by 
pipehne transportation 15% 19% 
Pathway with LH2 by 
road transportation 43% 49% 
Pathway with CH2 by 
road transportation 9% 8.5% 
* Values are given to the nearest 0.5%. 
Combined Effects of Varying Load Factor and Discount Rate 
The effects of varying the load factor and discount rate are investigated here in the same 
way as for the other two sets of analyses above (see sections 9.2.3.1 and 9.2.3.2). The unit 
costs of hydrogen were derived for analysis X, under the two extreme load factor/discount 
rate scenarios, L and H. 
As can be seen from figures 9.21 and 9.2m changing the load factor and discount rate, 
although does affect unit hydrogen costs, has very little effect on the relative costs of the 
three off-site pathways analysed. The threshold value (i.e. flow rate at which the pathway 
with pipehne transportation becomes less costly than that with LH2 by road transportation) 
also remains about the same for all scenarios. 
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Figure 9.21: Uncertainty Analysis: Pathways with Varying Modes of Hydrogen 
Transportation; Analysis X: Scenario H 
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* These are flow rates at each refuelling station. There are 8 refuelling stations in total. 
Figure 9.2m: Uncertainty Analysis: Pathways with Varying Modes of Hydrogen 
Transportation; Analysis X: Scenario L 
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* These are flow rates at each refuelling station. There are 8 refuelling stations in total. 
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9.2.3.4 Uncertainties When Comparing On-site and Off-site Pathways 
Sections 9.2.3.1, 9.2.3.2 and 9.2.3.3 above deal with the estimation of uncertainties 
regarding either on-site or off-site pathways which are different in one or two aspects. As 
mentioned in section 9.2.2, due to the lack of probabilistic data, the methodology used for 
the estimation of the relevant uncertainties is a crude estimation based on available extreme 
values of the key input parameters. This methodology does not take into account the 
probability of: 
a) the input parameters being at their high or low extreme values; 
b) all input parameters considered being at either one of these extreme values 
simultaneously. 
Therefore as mentioned before, the resulting error bars are likely to be over-estimated. This 
type of error in estimation becomes greater when greater numbers of input parameters are 
involved. This is because each input parameter's extreme value has a probability associated 
with it, which- as it is not known- cannot be taken into consideration. For the analyses in 
sections 9.2.3.1, 9.2.3.2 and 9.2.3.3 above, the pathways being compared have up to 10 
input parameters being varied for the production technology analysis, up to 19 for the 
storage and dispensing analysis and up to 9 for the transportation mode analysis. If on-site 
and off-site pathways are to be compared, then the number of input parameters that need to 
be considered for each analysis would be in the range of 30 to 40 parameters, due to the 
greater number of differences (in terms of pieces of equipment involved) between on-site 
and off-site pathways. 
With the greater number of unknowns, the error in the estimation of error bars using the 
methodology described in section 9.2.2.1, would be very high and so the results would be 
extremely doubtful. The error bar estimation method used in previous sections was 
therefore found to be unsuitable for the analyses involving the comparison of costs of on-
site and off-site pathways, and so could not be applied to the analyses in section 7.3 of 
chapter 7, nor analyses in chapter 8. 
Nevertheless the results of the analyses in sections 9.2.3.1, 9.2.3.2 and 9.2.3.3, can to some 
extent be applied to the comparisons between on-site and off-site pathways. In particular, it 
can be concluded that where two such pathways are very close in cost, it is never possible 
to say which costs less than the other with a high degree of certainty, unless comparing two 
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or more options in a 'real' situation where all the parameters are known- in the latter case 
the model can be used to help choose the least-cost pathway. 
9.3 Summary and Concluding Remarks 
Both the on-site and off-site models contain a large number of input parameters, all of 
which could vary. In order to be able to analyse the sensitivities of the model outputs to 
these parameters, they were divided into three categories: 
• parameters related to hydrogen production 
• parameters related to storage, compression/liquefaction and dispensing of 
hydrogen 
• parameters related to transportation. 
These in turn are made up of a number of technologies or options, e.g. there are three 
hydrogen production technologies; SMR, alkaline electrolysis and PEM electrolysis. The 
various options that fall under the above three categories are listed in table 9.2g. Each of 
these options has in the region of 20 to 30 parameters associated with it, all of which have 
been analysed in terms of the sensitivity of the model outputs to them. The results of these 
analyses are summarised in table 9.2g. 
As can be seen from the results of the sensitivity analyses, in most cases, only a small 
number of parameters have a significant effect on the model outputs. A significant effect 
here is defined as a change of more than 5% in the model output for a 75% change in the 
input parameter. There are a number of local and logistic parameters that have a significant 
effect in the case of all the pathways analysed; these include load factor, discount rate, flow 
rate, and in the case of off-site pathways, number of stations and distance transported. The 
other parameters with significant effects on the model outputs include capital costs of 
various equipment, fuel consumption or efficiencies and in some cases lifetimes of 
equipment. It must be noted that all the parameters that were shown in this chapter to have 
a significant effect on the model output have been investigated in the analyses in chapter 7 
and/or 8. Therefore the sensitivity analysis reaffirms the reasoning behind performing the 
analyses in chapters 7 and 8. 
The uncertainty or possible variation in the unit costs derived by the models has been 
estimated in sections 9.2.3. These estimated percentage variations have been translated into 
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error bars and shown in f igures 9.2c to 9 .2m which correspond to those displaying the 
results in chapter 7 sections 7.1.1, 7.1.2 and 7.2.1. The uncertainty analysis is significant 
with regard to the results and conclusions drawn f r o m the analyses in chapters 7 and 8, as it 
i l lustrates the potential uncertainty in the various threshold values given (for f low rates 
and/or transportat ion distances) at which one pa thway becomes less or more costly than 
another. For example , under basel ine assumptions S M R is the least cost hydrogen 
product ion technology for f low rates higher than 0.2 t/d (as shown in chapter 7, section 
7.1.1), but the uncertainty analysis shows that it is only above 1.2 t/d that S M R becomes 
the least cost opt ion with a high degree of certainty. 
Table 9.2g: Summarised Results of Sensitivity Analysis 
Parameters Related to: No. of 
Parameters 
Analysed 
Parameters with Significant Effect on Model 
Output* 




SMR 20 - C.C. of prod, equipment, 
- Lifetime of prod, 
equipment 
- NG use 
- Load factor 
- Price of fuel 
- Discount rate 
- Flow rate 
- (land cost) 
Alkaline Elec. 19 




CH2 Storage & 
Dispensing 
33 - Dispensing flow rate 
- Compressor efficiency 
- (lifetime of cylinders, 
no. storage days, C.C. of 
cylinders, labour, lifetime 
of cylinders) 
- Load factor 
- Price of elec. 
- Discount rate 
- Flow rate 
LH2 Storage & 
Dispensing 
30 - C.C. of liquefier 
- Liquefier elec. Use 
- Liquefier cooling water 
requirement 
- Engineering cost. 
H2 Transportation CH2 by Road 23 - Trailer capacity 
- (C.C. of trailer, average 
speed of trailer, driver's 
wages, loading/unloading 
time.) 
- Load factor 
- Discount rate 
- Flow rate 
- No. of stations 
- Distance 
transported LH2 by Road 22 
CH2 by 
Pipeline 
19 - C.C. of pipeline 
- Additional cost of 
pipeline 
- Lifetime of pipeline 
*Significant effect means a change of >5% in the output following a 75% change in the parameter. 
( ) Parameters in brackets have a lesser effect than the others listed in the table. 
D u e to the lack of data probabil is t ic me thods of uncertainty analysis, such as the Monte 
Carlo analysis could not be used. The more crude method which has been used for the 
est imation of error bars here was found to be unsui table for analyses involving the 
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comparison of on-site and off-site models. One thing which is certain, however, is that 
when comparing any two pathways, whether both on-site or off-site or one on-site with one 
off-site, when the pathways are close in cost, it cannot be said with a high level of 
confidence whether one costs less than the other. 
It is important to note that this chapter discusses the effects of possible variations in the 
input parameters. The causes and reasons behind these variations (or uncertainties) are 
discussed in chapter 3, section 3.7. Although the source of most of the uncertainty is that 
within the data collected (from both literature and industry), some is due to the way the 
model has been constructed and the assumptions made, for example, with regard to CH2 
cylinder costs, and pipeline installation costs. The impUcations of both the sensitivity and 
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Part IV; Conclusions 
Chapter 10: Discussion and Conclusions 
10.1 Introduction: Conclusions, Aims and Objectives 
As stated in section 1.3 of chapter 1, this thesis had two main aims: 
1) To explore and if possible identify the least cost production-delivery pathways 
for hydrogen, and analyse the factors by which they might be influenced 
2) To examine how the relative costs of the various pathways might change over 
time, and what parameters they are most affected by 
The analyses which relate to the first aim are covered in chapter 7, while the second are 
examined in chapter 8. The conclusions drawn from the analyses in these two chapters are 
discussed here in sections 10.2 and 10.3. 
So to what extent and in what ways have the thesis findings succeeded in addressing the 
questions posed? While several least cost production-delivery pathways have been 
identified, in most cases as expected, their least cost position has been shown to depend on 
the values of logistic factors, such as the flow rate of hydrogen required at the refuelling 
point, the number of refuelling points required, and in the case of off-site pathways, the 
location of the production site relative to the refuelling sites. 
More importantly, certain production-delivery pathways were found to be more costly than 
other options for all flow rates and/or delivery distances. For example, it was found that the 
cost of any pathway which includes liquefaction at the refuelling site would be significantly 
higher than pathways without such a process. This means that for on-site pathways, where 
the hydrogen is produced at the refuelling site, it is not (in the states of technology explored 
here) economical to store hydrogen as a liquid or dispense it as such. Similarly for off-site 
pathways, if the hydrogen is delivered to the refuelling site in compressed form it would not 
be financially viable to then liquefy the hydrogen prior to storage or dispensing. 
Overall of the thirty possible production-delivery pathways identified, which could be 
analysed by the models, only seven were found to feature as least cost options. 
From the time-related scenario analysis it was found that factors including technology 
development, changing energy costs, and the rate of demand growth all affect the unit cost 
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of hydrogen from the pathways analysed. Moreover, it was also found that only one of 
these factors had an effect large enough to influence the cost of the different pathways 
relative to each other- that of the level and rate of growth of demand for hydrogen. Another 
important conclusion drawn from the time-related analysis is that, despite the variation in 
the relative costs of the various pathways over time, under the different scenarios, a trend 
does emerge with regard to least-cost pathways. This trend is described in section 10.3.5. 
10.2 Least-Cost Pathways 
10.2.1 On-site Pathways 
From the analysis discussed in chapter 7, section 7.1.1, it was found that for on-site 
pathways with differing production technologies, the unit costs were very close for flow 
rates up to 0.2 t/d, but above around 0.3t/d, SMR clearly emerges as the least cost 
technology. However, the uncertainty analysis in chapter 9 (section 9.2.3.1) shows that the 
estimated level of variation in the results mean that it is only at around 1.2 t/d, that it can be 
said with a high degree of certainty that on-site production of hydrogen by SMR is cheaper 
than that from the two electrolysis technologies. It is also shown in the uncertainty analysis 
that changing the discount rate and load factor affect the threshold values, mentioned 
above, such that at a lower load factor and higher discount rate (scenario H) all three 
production technology pathways remain very close in cost for flow rates of up to 0.8t/d. 
It can also be deduced from the analysis in chapter 7 and the uncertainty analysis in chapter 
9 that following on-site hydrogen production, it is significantly less costly (than other 
options) to store the hydrogen in compressed form and dispense it in that same state. It can 
be concluded therefore that for flow rates below 0.4 t/d there are three possible least cost 
on-site pathways: 
a) Production via SMR + Storage as CH2 + Dispensing as CH2 
b) Production via Alkaline electrolysis -f- Storage as CH2 + Dispensing as CH2 
c) Production via PEM electrolysis + Storage as CH2 -f- Dispensing as CH2 
For flow rates between 0.4 t/d and 1.2t/d, a and b become possible least-cost pathways, and 
above 1.2t/d a becomes the only least cost on-site production-delivery pathway. 
It must be noted however, that the methodology behind the uncertainty analysis is 
necessarily somewhat crude, and the estimated error bars are likely to be over-estimated 
(see section 9.2.2.1). The threshold values for flow rates stated above, are therefore only 
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approximate, and are likely to be upper limit values, e.g. the threshold value of 1.2t/d is 
likely to range between 0.8t/d and 1.2t/d. 
10.2.2 Off-site Pathways 
In chapter 7 it becomes evident that deducing which is the least cost off-site pathway is 
more complicated than finding the least cost on-site pathway. Not only does it depend on 
level of flow rates, but also the delivery distance. In addition the structure of the network 
and the way it is set up all affected the pattern of least cost pathways (e.g. scenarios a, b and 
c described in section 7.2.1.1). 
Several clear conclusions can be drawn regarding off-site pathways however; these are 
listed below: 
SMR is the most suitable hydrogen production option as off-site networks are 
likely to require more than 1 t/d of hydrogen (production). 
There are only four possible least cost off-site pathways, out of the eighteen 
pathways analysed by the model; these are: 
a) SMR + CH? by Road + Storage as CH, + Dispensed as CH2 
b) SMR + CH2 by Pipeline + Storage as CH? + Dispensed as CH? 
c) SMR + LH2 by Road + Storage as LH? + Dispensed as LH? 
d) SMR + LH? by Road + Storage as LH2 + Dispensed as CH2 
Pathways c) and d) have almost identical costs (pathway d) includes the 
additional cost of a vaporiser, but a CH2 dispenser is less costly than a LH2 one). 
The option including CH? transportation by road is only the least cost option for 
refuelling station flow rates below 0.35 t/d. This is due to the limited capacity of 
the tube trailer and the load/unload time. 
For flow rates higher than 0.35 t/d there are two options for hydrogen 
transportation, CH2 by pipeline and LH? by road; the former is more suitable for 
shorter distances and higher flow rates, while the latter is best for longer 
distances and lower flow rates. 
The general relationship between the least cost off-site transportation options are shown in 
figure 10.2a below, which is the same as figure 7.2p in chapter 7. In the graph shown, x 
ranges between 0.5km and 20km; y and z are flow rates at each refuelling station, with 
ranges: 0<y<0.35t/d and 0.2t/d<z<0.35t/d. The maximum distance is 70 km and the 
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maximum flow rate 6t/d. The threshold values (x, y, and z) are not only affected by the 
structure of the network but also the assumptions regarding all the relevant input 
parameters (see chapter 9 section 9.1.4.3). 
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10.2.3 Comparing On-site and Off-site Pathways 
In chapter 7, section 7.3 a number of different scenarios are used to compare the costs of 
on-site and off-site pathways in order to see which options might be less costly under 
varying circumstances. These scenarios include comparing on-site and off-site pathways 
while changing the flow rates (at the refuelling points) and the distances between the 
production and refuelling sties (in the case of off-site pathways). The flow rates of 
hydrogen considered are relatively low, (0.15 to 1.2 t/d at each refuelUng station) 
corresponding to supplying in the region of 6 to 60 buses (see table 7.3a). The maximum 
total flow rate analysed is 4.4 t/d, which corresponds to 176 to 220 buses®®. 
It is found from the analysis in section 7.3.1 of chapter 7, that at a particular point in time, 
and constant load factor (basehne value of 70%), on-site refuelling is the least cost option, 
except in the case of very low flow rates (<0.35 t/d), where off-site is cheaper, provided the 
method of hydrogen transportation used is CH2 by road. 
Assuming hydrogen buses require between 20 to 25kg of hydrogen per day. 
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It is highly improbable that a hydrogen infrastructure will have a constant load factor 
throughout its lifetime; load factor depends on the demand for hydrogen which is very 
likely to change with time, particularly at the beginning of the infrastructure development. 
The unit cost of hydrogen from a particular network will therefore change from one year to 
the next. In order to compare the costs of on-site and off-site pathways for more realistic 
scenarios for hydrogen infrastructure development, two scenarios for the conversion of a 
group of bus depots were analysed in chapter 7, section 7.3.2: gradual conversion, and 
phased conversion®^. For both scenarios, the costs of hydrogen over the lifetime of the 
infrastructure (assumed to be 15 years) were analysed. The analyses were conducted by 
dividing the period of analysis into 3 sub-periods (see chapter 7, section 7.3.2). 
The results of comparing on-site and off-site pathways for these two scenarios were as 
follows: 
Gradual conversion of bus depots: In the first 5 years an off-site pathway was 
less costly, and in the following years on-site pathways were less costly. The 
relative average unit cost of hydrogen over the lifetime of the infrastructure 
depended on the rate of demand growth. For a slow rate of demand growth on-
site and off-site pathways cost almost the same, while for faster growth on-site 
were cheaper. 
Phased conversion of bus depots: Three phases of conversion to hydrogen were 
considered: for all three phases on-site pathways were less costly, although the 
unit costs for off-site pathways were found to fall more significantly over time. 
In addition the analyses in section 7.3.2 showed that overall, a phased conversion of bus 
depots to hydrogen costs less than a gradual conversion. 
It can be concluded from the analyses regarding the comparison of on-site and off-site 
pathways that for relatively low flow rates (0.15 to 1.2 t/d), which are those expected for an 
initial hydrogen infrastructure for fleets of buses in London, for a likely range of dehvery 
distances (10 to 40 km) on-site pathways cost less than off-site. However, as mentioned 
before, it is possible that due to unavailability of suitable space and/or planning permission. 
In the gradual conversion scenario it is assumed that all bus depots gradually convert to having Hz buses, 
and in the phased conversion scenario it is assumed that one by one (or two by two) the depots convert their 
entire fleet to H]. 
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it might not be possible to build on-site refuelling stations. The next choice depends on the 
rate of growth in demand for hydrogen as well as conversion strategies for the bus depots: 
gradual conversions of bus depots favour off-site pathways with SMR 
production and transportation via LH2 tankers- for all demand growth rates, 
phased conversions of bus depots favour off-site pathways with SMR 
production and transportation via pipehne. (In the case of high demand growth, 
transportation by LH2 tankers is also cost competitive). 
Although it was found that a phased conversion of bus depots to hydrogen costs less than a 
gradual conversion, in practice the choice between the two might be more strongly 
influenced by local politics rather than economics. In this thesis when analysing the costs of 
hydrogen over time in chapter 8, it is assumed that this decision is based on financial 
criteria alone, i.e. a phased conversion is assumed. 
The comparison of on-site and off-site pathways in chapter 7, demonstrates that time-
related assumptions such as changes to load factor over time can significantly affect the 
relative costs of the different types of pathways. This further emphasises the need for a 
time-related analysis (such as that carried out in chapter 8), in particular when comparing 
on-site and off-site pathways. 
10.3 Effect of Changes over Time 
A large number of the parameters related to the unit cost of hydrogen infrastructure can 
change over time, but here three groups of them were chosen for the analysis of their 
effects on the relative costs of the different pathways. These three sets of factors were 
chosen as they were expected to change more significantly over time, and seemed likely to 
have the most notable effect on infrastructure costs. They are: energy prices (gas, electricity 
and diesel), technology development (which affects capital costs of equipment and some 
efficiencies), and the level and rate of growth of demand for hydrogen. 
At least two scenarios related to each of these factors were analysed: 
Rate of technology development: high and low, or optimistic and pessimistic 
scenarios 
Rate of increase in energy prices; high and low scenarios 
Level and rate of increase in demand for hydrogen, high and low scenarios 
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The combination of all these scenarios yield 8 different scenarios altogether (see section 
8.1.1, chapter 5), each represented by three letters. Examples are: 
HLH: High demand for hydrogen. 
Low increase in energy prices, and 
High level of technology development. 
HLL: High demand for hydrogen. 
Low increase in energy prices, and 
Low level of technology development. 
It was found that under all the different time-related scenarios, the cost of hydrogen was 
different. The differences and similarities between the various scenarios are discussed 
below. 
10.3.1 Effects of Different Rates of Technology Development 
It was found that different (assumed) rates of technology development yield different unit 
costs for all the pathways analysed over time. Not surprisingly, a high or optimistic rate of 
technology development, which corresponds to a faster falling of capital costs, and faster 
improvement in process efficiencies, results in a greater fall in unit costs of hydrogen over 
time, and vice versa. However, the difference between a scenario with an optimistic 
technology development rate and one with a pessimistic rate (e.g. HHL and HHH) was 
found to be small. Furthermore, this difference was found to have a negligible effect with 
regard to the relative costs of the different pathways. 
Under both the high and low technology development scenarios the assumed fall in prices 
over the period of analysis 2007- 2025 (which is relatively short-term) is not significant for 
most of the equipment involved. This is partly because a number of the pieces of equipment 
already have mature markets (other than the transport industry), and partly because the 
world-wide market for hydrogen infrastructure equipment is expected to experience low 
growth over the period of analysis (see section 8.2.1 chapter 8). In order to see the effect of 
a higher level of technology development a further scenario was analysed- the very 
optimistic technology development scenario (the HHH scenario), which assumes that the 
world-wide market for hydrogen infrastructure equipment would grow at a much higher 
rate, leading to greater falls in the prices of the related equipment. This additional analysis 
also showed httle change in the least-cost trends. The reason for this is that all pieces of 
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equipment would most likely be affected to more or less the same extent, and hence the 
relative costs of the different pathways would probably be little affected. 
The above conclusions are drawn on comparison of pathways made up of technologies 
already on the market. Three other technologies were also included in the analysis: new 
small SMR technology for larger flow rates than those currently available (at the time of 
writing it was only suitable for flow rates below 0.4t/d), and two types of solid oxide 
electrolysers, one which operates in conjunction with a fuel cell and one which does not. 
These electrolyser technologies are expected to compete in the on-site refuelling station 
market in the short to mid-term, and according to industry experts they are not likely to 
enter the market till 2010. 
It was found that on-site pathways with these three new hydrogen production technologies 
are cheaper than the on-site pathways with the original SMR and electrolysis technologies 
considered. This means that whenever these technologies enter the market (here assumed in 
2010) they will be amongst the least cost options- particularly the new type of small SMR 
and the solid oxide fuel cell electrolyser. 
10.3.2 Effect of Different Rates of Energy Price Rises 
As expected, it was found, that under the scenarios with high energy prices the costs of all 
the pathways are higher than under the low energy price scenarios. This increase in unit 
costs does not, however, have a notable effect on the relative cost of the different pathways. 
The on-site electrolysis pathway is the only pathway whose cost changes relative to the 
others, under the high and low energy price scenarios. This is because this latter pathway 
uses electricity for hydrogen production, while all the other pathways in the analysis use 
natural gas. 
An additional energy price scenario was analysed to further investigate the above 
observation. This was the high gas price scenario, where the gas price is assumed to be 
increasing faster, while the electricity price is assumed to increase at the same rate as that 
under the low energy price scenario. Under the high gas price scenario the unit cost of the 
on-site electrolysis pathway becomes very close to that of the on-site SMR pathway, but the 
latter still remains the least-cost option over the analysis period. Therefore despite the 
variations in the costs of the on-site electrolysis pathway relative to the other pathways, the 
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pattern of least-cost pathways does not change over the period of analysis by changes in 
energy prices. 
10.3.3 Effect of Different Rates of Demand Growth in Hydrogen 
Unlike the rate of technology development and rate of increase in energy prices, it was 
found that the level and rate of increase in hydrogen demand has a number of significant 
effects on the relative costs of the different pathways over time. 
The pattern of least cost pathways was found to be different for the two hydrogen demand 
scenarios. For instance, under both scenarios on-site pathways cost less than the off-site 
ones, except under the low demand scenarios the off-site pathway with CH2 by road 
transportation is also amongst the least-cost pathways for the first four years of the analysis 
period. Another notable difference between the high and low demand scenarios is that 
under the high demand scenarios the unit cost of all pathways, except the on-site SMR 
pathway, converge and remain very similar after around 2017. Under the low demand 
scenarios this convergence occurs later on in the analysis period (around 2023). 
It can be concluded that in order to best assess which are the least cost options at what point 
in the development of a hydrogen infrastructure, the level of demand (and its rate of 
growth) for hydrogen must be estimated as accurately as possible. Furthermore all factors 
related to level of demand, such as number and sizes of refuelling stations, structure of the 
network and commissioning interval must be estimated accurately (the effect of changing 
assumptions about these factors are discussed further below). 
10.3.4 Effects of Changing Baseline Assumptions 
A number of logistic assumptions had to be made for the time-related analyses in this 
thesis. For example, two such assumptions concerned the length of the time intervals for 
which the infrastructure (on-site and off-site) should be planned, (called the 
'commissioning interval'), and the number of refuelling stations which should be built in 
each of these periods. It was found that varying them had a significant effect on the relative 
costs of the pathways analysed, because these assumptions affect the level of hydrogen 
demand. 
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The baseline value for the commissioning interval for off-site pathways is assumed to be 
four years. It was shown that lowering the commissioning interval to two years for these 
pathways reduces the unit cost of hydrogen from them, and could make the off-site 
pathway with CH2 by road delivery the least cost option at the beginning of the analysis 
period for even the high demand growth scenarios (see figure 8.3b). 
Decreasing the size of the refuelling stations (both on-site and off-site) increases their unit 
costs, and vice versa. This has a notable effect on the unit costs of on-site pathways, and the 
off-site pathway with pipehne transportation. For example, if the on-site refuelhng stations 
are built at half the size of those in the base case scenario, their unit cost will increase and 
become closer to that of the off-site pathways. Therefore, if a larger number of very small 
refuelling stations need to be supplied, some off-site pathways may be cheaper than on-site 
ones. 
Changing the length of the dehvery distance also has an effect on the unit costs of the off-
site pathways. However, the only pathway which is significantly affected is that which 
includes pipeline delivery. The shorter the delivery distances, the sooner the pipeline 
delivery pathway becomes the second least-cost option after the on-site SMR pathway. The 
structure of the pipeline also affects the unit cost of hydrogen from this latter pathway and 
if more detailed information regarding the position of hydrogen refuelling stations had been 
available this area could have been explored further (see section 10.7.1). 
10.3.5 Trends in Unit Hydrogen Costs over Time 
Despite all the variations under the (eight) different time-related scenarios, some general 
trends can be observed which hold true for all scenarios. 
One such observation is that the on-site pathways, as well as one of the off-site pathways 
(with CH2 road transportation) are amongst the least-cost options in the first 4 to 5 years of 
the analysis period, while the other off-site pathways are significantly more expensive. 
Although the cost of the latter off-site pathways fall quite significantly over the analysis 
period, under most scenaiios the on-site pathways (particularly on-site SMR) remain the 
least-cost options over the whole of the analysis period. 
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Another important observation is that the unit cost of hydrogen falls substantially, in the 
first 8 years of the analysis period, when the demand for hydrogen is estimated to increase 
from 0.12t/d to 9.42 t/d, in the case of low demand, and 0.12t/d to 31.4t/d, in the case of the 
high demand scenario. Even under the scenario with the most conservative assumptions 
(low demand growth, high energy prices, and low technology development (LHL)) the 
lowest unit cost of hydrogen is estimated to fall to more than a quarter, from £21/kg to 
£5/kg, in the first 8 years of the analysis period. [For the latter scenario, the number of 
buses is estimated to increase by more than 90-fold over this period, from 5 to 462 -see 
section 5.1, chapter 5]. 
It can be concluded that, although the unit cost of hydrogen is very hkely to be high at the 
initial stages of the infrastructure development (suitable for say 10 buses or less), as the 
number of buses being supphed increases to a few hundred, the unit cost of hydrogen can 
decrease by as much as ten fold. Furthermore, if it is assumed that hydrogen buses are twice 
as efficient as diesel buses (Myers, Ariff et al. 2002), at the point of reaching around 150 to 
225 buses (depending on time-related scenario assumed, and fuel efficiency) the unit cost 
of hydrogen becomes comparable to that of petrol and diesel^^. This occurs around 2010 for 
the high demand scenarios, and around 2012 for the low demand scenarios analysed, when 
the price of hydrogen is between £6.5/kg and £7.0/kg. 
10.4 Thesis Conclusions and the Literature Review- What is Confirmed and What 
is Novel 
One of the reasons why this research was deemed necessary was because of conclusions in 
previous publications suggesting that the cost of a hydrogen infrastructure, particularly at 
the beginning of its development, would be very high and would present a major barrier to 
the development of a hydrogen economy. The modelling results in this thesis confirm this: 
the unit cost of hydrogen was indeed found to be very high in the initial stages of hydrogen 
^ It is assumed that future diesel prices follow the 'high price' scenario shown in figure 5.3b, This is not 
unrealistic as the prices in the latter scenario are close to the average diesel price in the UK in 2007: 95p./liter 
(httpV/www.theaa.com/motoring advice/fuel/index.html. accessed 5/9/07)). It was also assumed that 1kg of 
hydrogen is the energy equivalent of 3.69 litres. (It is interesting to note that the U.S. DoE targets are $2-3/kg 
for hydrogen (httD://hvdrogen.energv.gov/Ddfs/Drogram06/vi b 2 guro.pdf) accessed 2/8/07)). 
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infrastructure development. This cost is high for all the pathways included in the analyses, 
although some are found to be higher than others. 
This thesis also found, like similar previous studies, that the unit cost of hydrogen comes 
down significantly with increasing demand (related to flow rate). In fact the most striking 
feature that emerges from the results of the analyses in this thesis is the significant effect 
that the flow rate (of hydrogen) has on the unit cost of hydrogen, in the case of all 
pathways, particularly at low flow rates- below 1 t/d. Many of the other parameters that 
also have a significant effect on the unit cost of hydrogen (such as load factor, 
commissioning interval, etc.) are those that are in some way connected to flow rate. 
The connection between unit cost and the flow rate of hydrogen (or the level of demand for 
hydrogen) is not a new finding- other earlier publications have come to the same 
conclusion. What is new is the relatively insignificant effect which the two other key 
factors analysed here - namely technology development and energy price changes, have on 
the trends in least-cost pathways over time. This is shown in the time-related analysis in 
chapter 8. The results might possibly have been different if a significantly longer time-scale 
was considered (i.e. well beyond 2025). 
The time-related analysis has other unique features. One key feature is that it analyses both 
the effects of the level and rate of demand growth and planning and commissioning 
intervals on the unit cost of hydrogen from various production-delivery pathways over 
time. Both of these factors affect the load factor for a refuelling network, and as shown in 
the sensitivity analysis in chapter 9, load factor has a significant effect on the unit cost of 
hydrogen. In most of the studies reviewed, the production-delivery pathways are compared 
at one moment in time and the load factor has been assumed to remain constant. As found 
in chapter 7, section 7.3.2, if the costs of an infrastructure is not calculated over its lifetime, 
and the effects of variations in load factor are not considered, the analysis will be flawed. 
Although other reports have stated the importance of local and logistic factors (such as load 
factor, discount rate and flow rate) and their effect on the unit cost of hydrogen from 
various pathways, this thesis estimates the extent of variability in the unit costs of hydrogen 
due to these key parameters. It is also shown that despite the dependence of the unit costs of 
the different pathways on assumptions made about these key parameters, a general pattern 
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of least-cost pathways does emerge, from which a small number of alternative road maps 
for the introduction of hydrogen can be drawn (section 10.5). 
This thesis has endeavoured to provide additional insight into the behaviour of the key 
parameters that affect the unit cost of hydrogen. The information obtained from the 
literature was the starting point for finding the questions that needed to be answered, model 
construction and the analyses carried out. One of the key objectives of this thesis has been 
to improve upon the methodologies used in previous studies, and hence improve upon the 
results obtained. Overall, the result has been that the findings of this thesis reinforce the 
majority of the conclusions reached by the previously published literature. In section 2.7.2, 
chapter 2, the similarities between the conclusions in all the publications reviewed are 
hsted; the findings in this thesis are in agreement with most of these. Two key differences 
have been found however: 
It has been found in this thesis that contrary to the conclusions reached by the 
publications reviewed, electrolysis is not always the least cost hydrogen 
production option for very low flow rates (<0.2t/d). SMR can cost less, 
depending on local factors, such as price of fuels, load factor and discount rate. 
The general consensus amongst the reports reviewed is that for low flow rates 
(<lt/d) on-site options (on-site SMR and electrolysis) are the least costly ones. 
This thesis found that hydrogen produced remotely via SMR and transported to 
the refuelling point by road in CHz tube trailers can also be a least-cost option at 
low flow rates, and under certain conditions can cost less than the on-site 
options. 
Some of the publications reviewed contradicted one another in some parts. These 
contradictions are listed under 'differences' in section 2.7.2. The research and analysis 
carried out in this thesis has shed some light on most of these contradictions: 
(H-SAPs 2001) concludes that PEM electrolysers currently cost more than 
alkaline electrolysers, while another report states the opposite (Berry 1996). 
From the data obtained from industry and shown in chapter 4, section 4.2.1.2, it 
can be seen that the capital cost of PEM electrolysers is lower than those 
obtained for alkahne electrolysers (which are about double in price). However, 
as the running costs of PEM electrolysers are higher than those for alkaline 
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electrolysers, overall the unit cost of hydrogen from a PEM electrolyser was 
found to be only slightly lower at low flow rates- less than around 0.4t/d, but 
more costly at higher flow rates (see chapter 7, section 7.1.1). 
One report (Stromberger 2003) concludes that in the early stages of hydrogen 
infrastructure development the least costly pathway is the production of LH2 via 
SMR followed by LH2 by road transportation. A number of other reports state 
that at this stage of market development, on-site electrolysis or SMR are the 
least-cost options. The time-related analysis in this report found that the on-site 
pathways cost less and it is only at flow rates higher than around 7t/d that the 
cost of the off-site pathway with LH2 transported by road becomes close to the 
on-site ones. Stromberger 2003, always assumes a very high load factor for this 
pathway (100%), and does not consider factors such as gradual demand growth 
and planning and commissioning intervals, when comparing the different 
pathways. 
A feature of this thesis which is unique in the field of hydrogen infrastructure cost analysis 
is the uncertainty analysis described in chapter 9, section 9.2. Although as discussed in 
chapter 9, the methodology used for this uncertainty analysis is relatively crude, and does 
not incorporate the probabilities associated with the range of data obtained for the input 
parameters (as this information was not obtainable), it does provide a reasonable estimation 
of possible variations in the model outputs. This in turn illustrates how the threshold values 
of flow rate and transportation distance (above or below which one pathway could cost 
more than another) can be affected by uncertainties in the data. 
10.5 Key Findings and Implications for Policy Makers and Planners 
This thesis analyses the costs of developing an initial infrastructure for buses in London. 
Some of the results and conclusions, therefore, could be useful for planners, policy makers 
or others contemplating such an infrastructure for London. 
It would be important for this group of people to know which of the pathways analysed 
might be the most financially viable, when and under what conditions. In other words, what 
path should the hydrogen road map for London follow and under what conditions? This 
thesis is bounded in two ways in answering this question: the first is that it looks only at a 
general growth of demand for hydrogen (not one which is specific in terms of the locations 
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and sizes of the refuelling stations), and the second is that, for the reasons given earher, it 
focuses on an infrastructure for buses, i.e. a significant but relatively small and predictable 
demand. Nevertheless, some definite conclusions can be drawn from the analyses and a 
number of possible road maps can be suggested. 
10.5.1 Implications of the Least-Cost Pathway Analysis 
The analysis of the least-cost pathways indicates that there are only a small number of 
production-delivery pathways (out of those analysed) that are competing for the least-cost 
position (3 on-site and 4 off-site). In addition, although this least-cost position is dependent 
on factors such as flow rate at the refuelling point and delivery distance, the following 
conclusions always stand: 
At the current status of the technology, for production levels of around 1 t/d and 
higher, SMR is less costly than hydrogen produced from electrolysis. 
For on-site refuelling stations, it is significantly less costly to store the hydrogen 
in compressed form and to dispense it in this form, rather than in a liquefied 
form. 
Any off-site pathway that requires liquefaction at the refuelling site would be 
more costly than any other off-site pathway. 
10.5.2 Implications of the time-related analysis 
From the time-related analysis it can be deduced that at the initial stages of an 
infrastructure, when the flow rates of hydrogen required are low (less than 5 t/d in total) on-
site refuelling stations are generally a less costly option; unless the flow rates at the 
refuelling stations are lower than 0.35 t/d, when the off-site pathway with CH? road 
delivery also becomes a viable option. 
At flow rates higher than 5t/d on-site pathways cost less than all off-site pathways for all 
the base case scenarios analysed. However, for flow rates higher than 7t/d the cost of the 
off-site pathways (with LHi transportation by road and CH2 by pipeline) start to approach 
those of the on-site pathways. Towards the end of the analysis period the costs of these off-
site pathways become much lower and under certain assumptions regarding commissioning 
interval and number of refuelling stations could become the same or lower than those of the 
on-site pathways. With regard to the pathway involving pipeline transportation, another 
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important factor also needs to be considered. Building pipelines in London, as well as being 
a costly exercise, would cause major and costly disruption to various aspects of life in the 
city. It would therefore be desirable to build such a pipeline infrastructure once- and this 
could only be done when the maximum possible demand for hydrogen in London (or an 
area in London) is known or can be estimated reasonably accurately. 
10.5.3 Possible hydrogen road maps for buses in London 
From the above-mentioned deductions from the least-cost pathway analysis and time-
related analysis, a number of possible routes for developing a hydrogen infrastructure in 
London can be suggested. These are shown diagrammatically in figure 10.5a. The blue 
boxes represent the least-cost pathways and the yellow boxes the second least-cost 
pathways. The difference in unit cost between the blue and yellow pathways can range 
between 1-5 £/kg, depending on the time-related scenario and possible changes in the 
baseline assumptions. These latter factors can also determine the relative costs of two blue 
pathways or two yellow pathways. 
Figure 10.5a: Possible Hydrogen Road Maps for Buses in London 
> 25 t/d Flow rates: up to 5 t/d up to 25 t/d 







Off-site SMR + 
CHg by Pipeline 
Off-site SMR + 
CHg transport by Rd. 
Off-site SMR + 
LHg transport by Rd. 
* Assuming buses use 25kg of hydrogen per day, which is a conservative assumption. 
Altogether the different combinations of the options in the various flow-rate dependant 
phases give 24 possible routes or road maps for developing such an infrastructure. 
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The choice between the different road maps depends on two main location-specific 
features; the structure of the network (i.e. the sizes of the refuelling stations and their 
location relative to each other and the production site), and the relative prices of gas and 
electricity (which can affect choice between on-site SMR and on-site electrolysis). 
Of course, decisions on the various infrastructural options would not be based on financial 
criteria alone. A number of other factors also need to be considered, including availability 
of land, planning regulations, and environmental and public acceptance issues. 
10.5.4 Implications for Hydrogen Infrastructure Construction- When to Start? 
An important finding of the time-related analysis discussed in chapter 8 is that different 
rates of technology and market development have virtually no effect on the relative costs of 
the different pathways analysed over time. As explored in chapter 8, even if a high level of 
growth is assumed for the world-wide market for hydrogen infrastructure equipment in the 
next 20 years, very little change can be observed in the relative costs of the pathways over 
time. 
The above result seems to imply that there is little to gain from delaying the construction of 
a hydrogen infrastructure. 
It is possible for technology breakthroughs to occur in the next 20 years, which could lead 
to significant reductions in the costs of some processes. Chapter 8 explores the effects of 
some of these technology developments currently expected by the industry. For example 
costs of the new type of solid oxide electrolyser currently being developed could be 
reduced further, making on-site electrolysis less costly than on-site SMR. Other 
developments and breakthroughs in technologies, which cannot be predicted, are of course 
also possible. They could result in cost differences of as much as 30% to 50%. But what if 
these technology breakthroughs did not take place? Waiting for them might achieve very 
Uttle, in fact it might only mean delays in the construction of a more environmentally 
beneficial fuelhng infrastructure. In other words, the opportunity to reduce emissions over 
that period may have been lost. 
Ultimately, in financial terms, a cost-benefit analysis between two factors which are very 
difficult to quantify is required: the benefits from the opportunity to reduce emissions early 
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versus potential reductions in costs of some technologies over time. This type of analysis 
would inevitably exhibit a high degree of estimation and uncertainty. 
Another type of analysis could be carried out, however, in order to assess the current 
potential and viabihty of hydrogen vehicles and related infrastructure as a CO2 reducing 
tool. The cost of building an initial infrastructure for e.g. 500 buses, using current 
technology, could be estimated (using the models in this thesis), as can the potential 
savings in CO2 emissions (Joffe and Valiantis 2006). From this the cost of reducing CO2 
emissions could be estimated (in £/tonne) and compared to other ways of reducing these 
emissions, and/or the market cost of carbon. The cost of buying 500 hydrogen buses would 
need to be added on, while the cost of conventional buses as well as related infrastructure 
deducted from the equation, this is shown below: 
Unit cost of CO2 reduction = (Cost of building and running a H2 infrastructure and H2 
vehicles - Cost of conventional vehicles and related fuelling 
infrastructure)/(Reductions in CO2 emissions) 
As mentioned above, it seems unlikely that the cost of hydrogen infrastructure equipment 
will come down significantly in the next 20 years. Other parameters in the above equation 
are likely to change in that period, however. The costs of hydrogen vehicles are expected to 
come down, and according to international forecasts the prices of petrol and diesel are 
likely to increase. Such changes would lower the unit cost of CO2 reductions. The 
likelihood of these factors might be enough to make policy makers and transport 
infrastructure planners decide to delay the conversion to a hydrogen infrastructure in 
anticipation of a more favourable future investment climate. If transport planners and 
policy makers world-wide were to make such a decision, the signals sent out could slow 
down developments in hydrogen vehicle commercialisation, hence boosting the vicious 
circle of non-development, as discussed in section 1.1.2 of chapter 1. 
It is clear, therefore, that although the results of the analysis in this thesis imply that 
delaying the construction of a hydrogen infrastructure is not likely to result in significant 
financial benefits, there are a number of other factors that could affect this decision. It can 
be said with confidence, however, that the hydrogen road maps, as described in section 
10.5.3, seem unlikely to be affected by technology developments over the period of 
analysis. This low level of effect from technology development implies that technology 
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lock-in effects may also be minimal. These effects need to be explored further; they have 
not been investigated in this thesis as the models would have needed significant and time-
consuming further development (see section 10.7.1). 
10.6 Limitations of the Analyses 
In estimating the costs of the production-delivery pathways in this thesis much data were 
obtained from both industry and the hydrogen literature. In the case of each input parameter 
in the models either a range of data were gathered, or a figure based on the industry norms 
was assumed. Wherever no possible data could be obtained for a particular parameter, the 
values assumed were based on those for a similar type of parameter. 
In every single case some uncertainty is associated with the data obtained. An attempt has 
been made in this thesis to quantify the level of uncertainty in the data and to show its 
impact on the results and conclusions reached (section 9.2, chapter 9). This attempt goes 
significantly further than most of the literature, much of which does not address this issue. 
Nevertheless this uncertainty analysis itself is based on a relatively crude methodology. 
More thorough probabilistic methods such as Monte Carlo analysis could not be used here 
because of the lack of sufficient data. Both the uncertainty in the data gathered and the 
methodology used to estimate its effects, therefore, are part of the limitations of the analysis 
in this thesis. 
As discussed in chapter 3, section 3.7, as well as the uncertainty in the input parameters, the 
construction of the model and the calculations and formulae used can be potential sources 
of inaccuracies in the derivation of hydrogen infrastructure costs. Due to the hmited time 
available and in some cases lack of experience in the UK in hydrogen infrastructure 
construction, a number of assumptions and modeUing simphfications had to be made. 
These include assumptions regarding pipeline installation costs and costs for CH2 cylinders. 
The cascade method of hydrogen dispensing was also not included in the analyses in this 
thesis due to the complicated nature of the modelling required. In fact companies such as 
BP and BOC which have such systems in operation use special optimisation packages to 
calculate the size and number of storage tanks required. The addition of such programming 
to the existing model would have taken more time, and made the model significantly more 
complicated. As it had been shown in other studies that there were little cost differences 
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between the cascade and booster dispensing methods, the benefits of including the cascade 
system in the modelling seemed marginal (Ogden, Dennis et al. 1995), (Weinert 2005). 
With more time and resources possible improvements could be made with regard to the 
modelling and estimation of the above-mentioned costs. These possibilities are discussed 
further in section 10.7.2 below. 
10.7 Recommendations for Further Research 
10.7.1 Analysis of Other Relevant Technologies/Infrastructure Options 
As stated in section 3.3, chapter 3, the selection of the technologies included in the analyses 
in this thesis was based on what was currently commercially available. One technology 
which was intended to be included in the analysis was the production of hydrogen from 
gasification of municipal solid waste (MSW). Although the models were constructed to 
include this technology, there turned out to be insufficient time and resources to gather the 
data required for its analysis. Some data were obtained through the hterature review, but 
were old compared to what had been obtained for other hydrogen production technologies 
covered, and it was judged that the analysis might produce dated and non-comparable 
results. 
Gasification of MSW is a potentially viable method of producing hydrogen, although 
unlike SMR it is mostly at the pilot project stage. Analysis by a parallel project at Imperial 
College showed that hydrogen produced from MSW could become competitive with that 
produced from SMR in the near future (Joffe 2005). More research is required to enable a 
more detailed comparison of this technology with other hydrogen production technologies 
and to examine the effects of rising landfill costs (for waste) on it. 
There are other hydrogen infrastructure technologies that could have been included if 
sufficient commercial data had been available. They include, amongst others, technologies 
for the production of hydrogen from natural gas- other than SMR, storage of hydrogen in a 
solid state and production of hydrogen from bio-fuels. Transportation of hydrogen through 
existing gas pipeUnes is also an interesting area for cost analysis. 
Although this thesis has analysed the effects of varying a number of structure and network 
related features, such as sizes and numbers of refuelling stations, and transportation 
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distances, there are many other variations in network structure that could be investigated. 
For example the costs of various combinations of on-site and off-site refuelling stations 
could be examined (in this thesis purely on-site and off-site networks have been compared). 
Other infrastructural network scenarios that could be explored include: 
1) Initial uses for hydrogen other than for buses in London. These include small 
residential or commercial CHP (combined heat and power) units. The effect of 
supplying hydrogen to the latter units or others in conjunction with hydrogen for 
transportation applications could also be investigated. 
2) The possibility of selling the excess hydrogen from an SMR plant. Large off-site 
SMR units have high associated costs at the beginning of their lifetime partly 
because demand is low compared to their output (i.e. low load factor); if the 
excess hydrogen could be sold for other parallel uses the costs could be lowered. 
3) Selling the excess steam from large SMR could also reduce costs, and potential 
markets for this should be explored. 
4) Varying structures of the pipeline supplying hydrogen. In the time-related 
analysis only one type of pipeline structure has been considered. It is likely that 
other pipeline structures could bring the unit cost of pipeline transportation 
down. 
Most of the possible scenarios listed above are very specific to local requirements so it is 
difficult to examine them generically using the modelling technique in this thesis. For 
example, to sell the excess steam or excess hydrogen there would need to be a local use for 
those commodities. Similarly, in order to explore different pipeline structures in the time-
related analysis, the approximate location of the hydrogen refuelling stations to be 
constructed would be required. 
Another factor which has not been investigated in the time-related analysis in this thesis is 
the effect of path dependence and technology lock-in. In other words, if one technology is 
favoured over others (because it is the cheapest at the time) would this mean that the market 
for the other technologies would not develop and hence we could lock ourselves into using 
the former technology for a significant period? To explore technology lock-in effects some 
additional features would be required for the models, for example estimations of possible 
stagnation in costs of technologies that are not taken up. The addition of these features 
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would require more research and data collection, and could be the subject of future work. 
However, as mentioned in section 10.5.4, the fact that the time-related analyses show that 
the effect of technology development appears insignificant with regard to the choice of 
hydrogen production-delivery pathways, suggests that technology lock-in effects might also 
have a minimal effect on the latter. 
10.7.2 Cost Estimations 
As discussed in section 3.7 of chapter 3, if more time and resources had been available 
more data might have been obtained regarding the costs of the hydrogen infrastructure 
equipment and associated parameters. More data, particularly if obtained from industry 
sources, usually offers a higher level of certainty in the cost estimations. 
There are certain areas of the cost analysis in particular which could have potentially 
benefited significantly if more data could have been obtained. These are as follows: 
• Pipeline installation costs 
• Salvage values and decommissioning costs of equipment 
• Costs of compressed hydrogen cylinders 
All three areas should be investigated further in future work, but most of all it is important 
for hydrogen pipeline installation costs to be investigated further. This is because pipeline 
costs make up a large percentage of the total unit costs of the relevant production delivery 
pathway (see chapter 7, section 7.2.1.1) and so are an important part of the cost analyses. 
Pipeline installation costs are very much dependant on the location where the pipe is being 
laid, so data based on other locations tends to introduce inaccuracies into the estimations. 
Real data and experience with hydrogen pipelines in the UK is extremely limited (only one 
such pipeline exists in the country to date).The data used in this thesis have been based 
partly on experience with hydrogen pipehnes in the US, and a study on natural gas 
pipelines in that country. In addition, as mentioned in the previous section, the time-related 
analysis in chapter 8 would have benefited from cost analysis of different pipeline 
structures. This would only be possible with a more detailed model which included data on 
the expected location of future hydrogen refuelling stations. 
No data which were directly applicable to salvage values and decommissioning costs could 
be found. It was assumed, from the percentages given in other reports, that these two sets of 
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costs are about the same and so cancel each other out (see section 3.7.2 chapter 3). With 
further research and analysis some estimates for both the salvage values and 
decommissioning costs for the various pieces of equipment might be created. 
From the data obtained regarding compressed hydrogen storage cylinders, it was found that 
their cost varied with both the storage pressure and the size of the cylinders. It was not 
possible to derive an equation for the capital cost of CH2 cylinders that included both of 
these parameters. As explained in section 3.7.3 of chapter 3, a list of compressed hydrogen 
storage cylinders was put into the model, from which the one with the appropriate size and 
pressure and the least cost was chosen. The use of a hmited list of cylinder costs is likely to 
be a source of uncertainty for the model outputs. Further investigation and data collection 
with regard to CH2 cylinders is therefore necessary. Further research and analysis may also 
lead to an appropriate equation for the unit cost of CH2 cylinders. 
10.7.3 Policy Related Analysis 
Section 10.5 above discusses some possible implications of the results and findings in this 
thesis for transport planners and policy makers. What has not been analysed and discussed 
is the effect of fiscal instruments and other regulations which could be imposed by policy 
makers in order to assist the development of a hydrogen infrastructure. These instruments 
include a carbon tax on petrol and diesel, tax breaks or subsidies for hydrogen vehicles and 
hydrogen infrastructure equipment and fuel tax exemption for hydrogen for a number of 
years (perhaps until it is commercially established). 
In order to analyse the effects of these instruments on the relative cost of hydrogen 
compared to petrol and diesel over time, there needs to be more in depth analysis of the 
future prices of petrol and diesel- including scenario analyses. In addition the models would 
need to be adjusted to take into consideration changes to the capital costs of various 
equipment, as a result of subsidies or tax breaks. Although this type of analysis falls outside 
the aims and objectives of this thesis, it would be possible to use the models constructed to 
carry out the required analyses, and so this work may be undertaken in the future. 
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Glossary 
Al. Elec. Alkaline electrolyser (or alkaline electrolysis) 
BCGA British Compressed Gas Association 
BCL Battle Columbus Laboratory (type of gasifier) 
BCL/FERO Battle Columbus Laboratory/Future Resource Corp. (type of gasifier) 
Boost. Booster 
Buff. Buffer 
CaFCP California Fuel Cell Partnership 
Capital Rec. Capital recovery 
C.C. Capital cost 
C.F. Capacity factor 
CH2 Compressed H2 
CNG Compressed natural gas 
CO2 Carbon dioxide 
Comp. Compressor 
CRF Capital recovery factor 
CUTE Clean Urban Transportation for Europe 
Disp. Dispenser 
DMFC Direct methanol fuel cell 
DTI UK Department of Trade and Industry 
DoE US Department of Energy 
EIGA European Industrial Gas Association 
Elec. Electrolyser (or electrolysis) 
FC Fuel cell 
FCV Fuel cell vehicle 
FOB Free on board 
GHGs Green house gases 
Hz Hydrogen 
HEVs Hybrid electric vehicles 
IGT Institute for Gas Technology (type of gasifier) 
ICE Internal combustion engine 
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Liq. Liquefier or Liquefied 
LH2 Liquid Hz 
LHV Lower heating value 
LNG Liquefied natural gas 
LPG Liquid petroleum gas 
m metre(s) 
MJ Megajoule(s) 
MScf million standard cubic feet 
Mt million tonnes 
MTCI Manufacturing & Technology Conversion International Inc. (type of 
gasifier) 
NFPA National Fire Protection Association 
NG Natural gas 
NGV Natural gas vehicle 
NOx Nitrogen oxides 
NREL National Renewable Energy Laboratory 
PEM Polymer electrolyte membrane or Proton exchange membrane 
PHEVs Plug-in hybrid electric vehicles 
Pipe. Pipeline transportation 
POX Partial oxidation 
PPI Producer price index 
PSA Pressure swing adsorption 
psi Pound(s) per square inch 
PV Photovoltaic 
PV elec. Photovoltaic electricity 
Site prep. Site preparation 
SMR Steam methane reformer 
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SOFC Solid oxide fuel cell 
TCC Total capital cost 




WE-Net World Energy Network 
Wind elec. Wind electricity 
WM Wright-Malta Corp. 
yr year 
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Unit Conversion Factors Used 
I k g H j = 0.1419 GJ(HHV) 
= 0.1199GJ(LHV) 
I S c f H z =0.0028 kg H2 
1 MScf Hz =2.8 tonnes H2 
1 Nm^ H2 = 12.8 MJ (HHV) 
= 0.089 kg H2 
1 litre LH2 = 0.07 kg 
1 MPa = 145.04 psia 
= 10 bar 
= 10.13 atmos 
(psia = psig + 1 atmos) 
1 (UK) Gallon = 4.5 litres 
1 kg of H2 = 0.82 gallons of diesel®^ 
1 hectare = 10, 000 
® It is assumed that 1kg of H2 = 0.1199 GJ and 1 gallon of diesel = 0.146 GJ 
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Appendix 1(a): Analytical Comparison of Costs for the Literature Review 
i) Introduction 
This appendix includes the detailed comparison of the various costs in the original key 
reports analysed in the literature review (chapter 2, section 2.4). The costs compared 
include those of the various production-delivery pathways, e.g. centrally produced 
hydrogen from SMR followed by transportation in liquid form in a tanker. It also includes 
the comparison of the costs of the processes within the production delivery pathways, e.g. 
costs of compression and storage. 
Much effort has been made to compare like with like. As mentioned in section 2.4 of 
chapter 2, and illustrated in the sensitivity analysis (chapter 9, section 9.1.4), assumptions 
regarding the load factor, discount rate, and in some cases lifetime of the equipment have a 
significant effect on the unit cost of hydrogen derived. In order to eliminate any variations 
between the values estimated in the reports, due to differences in these assumptions, the 
costs compared have been 'normahsed' as far as possible, i.e. the same load factor, discount 
rate and lifetimes have been used. For further explanation of this point see section ii) 
below. 
It must be noted that the findings and cost trends described in this appendix are based on 
what is in the original key reports and in some cases (albeit rare) they may be different 
from the findings of this thesis. Differences between the findings of the original key reports 
(and indeed all the reports reviewed) and those of this thesis are highlighted in chapter 10 
section 10.4. 
ii) Normalising the Capital Costs 
In the majority of the original key reports the unit capital costs or total costs of equipment 
are given in $/GJ of hydrogen output. In order to make comparisons of the unit costs, 
between the various reports, more commensurable, costs have been 'normalised' by using a 
standard set of economic assumptions, as described below. 
Capital recovery is the proportion of the delivered hydrogen cost that is due to the total 
capital cost of the equipment. Capital recovery in $/GJ is calculated as shown below: 
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capital recovery = total capital cost x capital recovery factor / hydrogen production 
in one year (in GJ) x plant capacity factor 
The capital recovery factor (CRF) is the percentage of capital cost recovered annually over 
the Ufetime of the equipment (CRF is related to discount rate and lifetime of equipment as 
shown in section 2.3.2 of chapter 2). The plant capacity factor (or load factor) is the 
percentage of the time in one year that the plant is operating. Finally, where the hydrogen 
production is given in tonnes/day it is converted to GJ/year: the conversion factor depends 
on the hydrogen heat value used'° (where ever the heat value of hydrogen was not 
specified, in order to may necessary conversion from kg to GJ (and vice versa), the low 
heat value of hydrogen has been used, as this is the more conservative option). 
The capital recovery factor and the plant capacity factor vary from one report to another. In 
order to make a meaningful comparison, the capital recovery has been 'normalised' by 
using the same values for the two latter factors mentioned. The normalised values for the 
CRF and capacity factor chosen are those used most commonly amongst the sets of data 
being compared. Normalisation was only possible, of course, as far as the required 
information was available, e.g. a unit cost cannot be normalised for the capacity factor if it 
is not known what capacity factor has been used originally. 
iii) Comparison of Costs in the Original Key Reports 
This section includes the comparison of the costs of the following: 
a) Truck delivered liquid hydrogen from central SMR plant 
b) Pipehne delivered hydrogen produced from central SMR plant 
c) On-site hydrogen production from small SMR plant 
d) On-site hydrogen production from electrolysers 
e) Hydrogen production from renewable sources of energy 
f) Other costs analysed 
Other costs analysed include the costs of hydrogen transportation, compression, 
liquefaction, storage and dispensing. 
This can be either a lower heat value (LHV) or a higher heat value (HHV) and depends on the hydrogen 
production process being used. The higher heat value includes the latent heat of vaporisation of water present 
in the combustion products (http//;hydrogen.pnl.gov/cocoon/niorf/hydrogen/). 
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Each of the cost analysis sections a) to e) include a sub-section where the costs in the 
various reports are compared and the similarities and differences are highlighted, and a sub-
section on the overall trends that have been observed (from all the costs in the relevant 
reports). 
a) Truck delivered liquid hydrogen from central SMR plant 
This cost category includes any system which involves the production of hydrogen from 
steam reforming of natural gas, followed by its liquefaction and transportation by truck to a 
refuelling station. The category also includes existing production sites, which were already 
manufacturing hydrogen for industrial use. 
The total capital cost of a centrally produced truck delivered hydrogen system includes the 
cost of the equipment at the central production facility as well as the cost of the refuelling 
station(s). The latter depends on the number of refuelling stations required, which depend 
on the size of the central production unit and the size of the refuelhng stations. Therefore in 
order to be able to make comparisons, costs for central production units and refuelling 
stations are shown separately. Some reports have not broken down the costs of liquefied 
hydrogen (LH2) production, but have given a value for LH2 in e.g. $/GJ, which includes the 
cost of production and transportation, in other words, the cost of the LHj as delivered to the 
fuelling station. 
The delivered hydrogen cost includes not only the capital recovery, and the running costs, 
but also transport cost. The latter will depend on how far the fuelling stations have been 
assumed to be from the central hydrogen production unit. As there are a large number of 
not just economic, but geographic and size related assumptions in each case, it would not 
be sensible just to compare the final delivered hydrogen cost, but the constituent costs, such 
as the cost of transportation per kg of hydrogen. 
The capital cost for a truck delivered LH2 system is made up of two parts, the capital cost 
of the central steam methane reforming plant (which includes the PSA (pressure swing 
adsorption), liquefier and storage facihties), and the refuelling station capital costs. These 
are shown in table I.a, which gives 'normalized' total unit capital costs of the SMR plants, 
which has been derived by using the same capacity factor, 0.807 (that from Thomas 1997) 
for all of the figures . The truck(s) used for delivery of hydrogen also have capital costs 
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associated with them, but these are generally given in terms of $/GJ of hydrogen 
transported, and are only shown here in the delivered hydrogen costs, in table I.c below. 
Comparing the different reports 
The reports represented in table La, have all made different assumptions about refuelling 
stations, in terms of their size and numbers. All reports, with the exception of Ogden 
(Ogden, Dennis et al. 1995) have started off with a certain size of central SMR station 
producing LH2, but one assumes different numbers of the same size refuelhng station, 
depending on volume of LHi production (Thomas, James et al. 1997), another seems to 
assume one very large refuelling station (ADL 2002), and another just assumes different 
sizes of refuelling stations irrespective of the volume of LH2 produced (Berry, Pasternak et 
al. 1996). 
Given these differences, what can be sensibly compared are the constituent and total costs 
of the central LH2 SMR plant (these have been listed in the order of plant size), and the 
capital costs per through-put ($/tons/day) of the refuelling stations. The latter have also 
been listed against size of station in table Lb. Capital recovery costs have been 'normalized' 
in order to make comparison between the different reports possible (in this case the values 
for the capacity factor and capital recovery factor were taken from the Ford report 
(Thomas, James et al. 1997), as the majority of the data sets were from this report). 
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Reference $ year Source 
t/d t/d $m $m $m $m $m/t/d t/d $m 
26.7 21.5 23.4 31.2 N/A 54.60 2 . 5 3 2.72 8 8.352 Thomas, 1997 1996 Praxair 
32.7 26.4 19.5 38.3 N/A 57.83 2 . 1 9 2.72 10 4.950 Thomas, 1997 1996 Air Products 
54.4 43.9 17.1 72.7 N/A 89.84 2 . 0 5 2.72 17 35.700 Thomas, 1997 1996 BOC 
0.25 1 0.175 'Ogden, 1995 
0.94 1 0.307 'Ogden, 1995 
2.55 1 0.680 'Ogden, 1995 
5,09 1 1.250 'Ogden, 1995 
237.0 237.0 200 306* N/A 506 2 . 6 5 0.03 1 0.188 Berry, 1996 1996 
237.0 237.0 200 306* N/A 506 2 . 6 5 0.18 1 0.256 Berry, 1996 1996 
237.0 237.0 200 306* N/A 506 2 . 6 5 0.90 1 0.452 Berry, 1996 1996 
267.0 215.5 180.3 217.6 N/A 397.9 1.85 2.72 80 83.520 Thomas, 1997 1996 Praxair 
300.0 270.0 81** 93 534 2.21 270 N/A 78.000 ADL, 2002 
326.6 263.6 73.4 135.9 209.3 0 . 7 9 2.72 97 48.015 Thomas, 1997 1996 Air Products 
*These values are estimates, as these costs were only given as constituents of the delivered hydrogen cost. 
** In this case capital cost of liquefier is included in the cost of the reformer etc. 
In this report capital costs of central hydrogen production plant have not been given. 
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t/d $000 $000 $000 $000 $ni/t/d 
&03 92 36 30 158 5 j ^ Berry, 1996 
120 36 50 206 1.14 Berry, 1996 
0.25 89 36 50 175 0 ^ 9 Ogden, 1995 
0.90 180 72 100 352 0 ^ 9 Berry, 1996 1996 
0.94 99 108 100 307 0.33 Ogden, 1995 
2.55 142 288 250 680 0.27 Ogden, 1995 
2 J 2 495 0.18 Thomas, 1997 
1996 Air 
Products 
2 J 2 N/A N/A N/A 1,044 0 J 8 Thomas, 1997 1996 Praxair 
2 J 2 
N/A N/A N/A 
495 0U8 Thomas, 1997 
1996 Air 
Products 
2 J 2 N/A N/A N/A 2,100 0.77 Thomas, 1997 1996 BOG 
2 J 2 N/A N/A N/A 1,044 0 3 8 Thomas, 1997 1996 Praxair 
5.09 210 459 500 1,250 OJ^ Ogden, 1995 
270 171,000 0.63 ADL, 2002** 
* Hydrogen is supplied to the station in liquid form, but dispensed as a gas. 
**The number of refuelling stations is not specified in this report 
Despite the differences there seems to be much similarity between the different reports as 
far as the capital costs of the plants are concerned- most are between 2.1 and 2.5 $m/t/d, see 
figure La 
Figure La: Unit Capital Cost ofLH2 Production from Large Plants: Variation with Plant 
Capacity 
3 . 0 0 
> 2 . 5 0 
u 1 . 5 0 
^ 1 00 
• Site Preparation 
• Liquefier & Storage 
0 Reformer & PSA 
2 6 . 7 * 3 2 . 7 * 5 4 . 4 * 2 3 7 2 6 7 * 3 0 0 3 2 7 * 
Plant Capacity (t/d) 
*These values are from Thomas 1997. 
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Trends 
The following trends can be observed from the costs in tables La, and Lb, and figure La, 
about the capital costs for LH2 production and refuelhng stations: 
> Unit capital costs of the large SMR plants (in $m/t/d) decrease very little with 
increasing size of plant, for capacities between 26.7 and 300 t/d. 
> The cost of the liquefier and storage are often higher than the cost of the reformer and 
PSA. 
> Overall capital costs given in the different reports are quite similar, and they do not 
seem to change much between 1996 and 2002. 
> The specific capital costs of the refuelling stations (in $/t/d) decrease with an increase 
in capacity (or through-put), but not significantly. There is however, a big leap in this 
value for stations as small as 0.03 t/d. 
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t/d $/GJ $/GJ S/GJ $/GJ $/GJ $/GJ $/GJ $/GJ $/GJ $/GJ $/GJ $/GJ 
26.7 10.67 10.67 9.24 
4.59 
(800) 24.49 24.49 1.63 2.53 0.11 28.76 28.76 Thomas, 1997 Praxair 
32.7 9.22 9.22 8 8 6 
4.59 
(800) 22.66 22 66 0.79 4.32 0.11 27.88 27.88 Thomas, 1997 Air Products 
54.4 8.61 8.61 7.17 
4.59 
(800) 20.37 20.37 3.42 3.69 0.11 27.60 27.60 Thomas, 1997 BOG 
16.58 16.58 2.15 0.30 9 9 4 0.11 29.08 29.08 Ogden, 1995 
16.58 16.58 1.02 0.20 2.72 0.11 20.63 20.63 Ogden, 1995 
16.58 16.58 0.84 0.19 1.00 0.11 18.72 18.72 Ogden, 1995 
16.58 16.58 0.77 0.17 0.50 0.11 18.13 18.13 Ogden, 1995 
237.0 11.71 7.25 10.07 
3.8 
(402.6) 25.58 21.12 2&88 3.81 6.73 0.12 65.12 60.67 Berry, 1996 
237.0 11.71 7.25 10.07 
3.8 
(402.6) 25.58 21.12 6 2 8 0.63 6.73 0.13 39.35 34.89 Berry, 1996 
237.0 11.71 7.25 10.07 
3.8 
(402.6) 25.58 21.12 2.14 0.23 6.73 0.11 34.80 30.34 Berry, 1996 
267 7.77 7.77 7.83 
4.59 
(800) 20.19 20.19 1.63 1.62 0.11 23.55 23.55 Thomas, 1997 Praxair 
300 7.68 7.46 6.80 
1.25 
(80.5) 15.73 15.51 1.12 N/A N/A N/A 19.05** 18.84** 
Arthur D. 
Little, 2002 
326.6 3.34 3.34 8.77 
4.59 
(800) 16.70 16.70 0.77 2.11 0.11 19.69 19.69 Thomas, 1997 Air Products 
* This includes the cost of natural gas used by the SMR plant 
** These values include the profit margin 
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Figure I.b: Cost of Truck Delivered, Centrally Produced LH2: Variation with Plant 
Capacity 
1 








• stat ion Running Cost 
a Station Capital Rec 
• Transport Cost 
• Plant Running Cost 
• Plant Capital Rec. 
27 33 54 237* 237 237 267 300 327 
Plant Capacity (t/d) 
* This set of data corresponds to the system with the smallest refuelling station 
The following trends can be observed from the figures in table I.c and figure I.b, about the 
delivered cost of hydrogen produced centrally at a large SMR plant and transported by 
truck to a refuelling station: 
> Dehvered hydrogen cost decreases with plant capacity, but not significantly. 
> Transport costs are lower for shorter distances, but not proportionally. (They level off 
as the distance transported increases). 
> Unit capital costs for stations increase dramatically with smaller sizes of refuelling 
stations, and have a significant impact on the overall dehvered hydrogen cost (as 
shown in figure I.b by the fourth set of data which corresponds to the smallest 
refuelhng station). 
b) Pipeline delivered hydrogen produced from central SMR plant 
Several reports have looked at the costs of dehvering compressed hydrogen gas via 
pipeline, a few of which have carried out detailed analyses. There are two broad 
approaches: one is the detailed analysis of hydrogen pipeline costs, including capital costs 
(or installation costs) of pipeline and compressor, and how these change with parameters 
such as the length of the pipeline; and the other is a less detailed estimation of the cost of 
383 
centrally produced hydrogen (at an SMR plant) delivered by pipehne, usually for the 
purpose of comparing it to other forms of hydrogen production and transportation. In this 
section the latter type of analysis is discussed. Detailed pipeline cost analyses are covered 
in section f ) l ) below. 
Table I.d lists cost data from reports which have carried out an analysis of costs of 
hydrogen produced from a central NG reforming plant and then transported via a pipeline 
to a refuelling station. These reports have looked at relatively small sizes of pipelines of 
between 40 and 80.5 km long and mostly with inside diameters of around 3 inches, so the 
cost of pipeline transportation is quite low ($1 to $2.9/GJ), and makes up a small fraction of 
the total dehvered hydrogen cost (which ranges between 11.8 to 25.4 $/GJ). 
Comparing the Reports 
The reports vary greatly in terms of detail given about capital costs of equipment. Only one 
report (ADL 2002) gives capital costs of all the equipment (NG reformer, compressor, and 
dispenser) separately. All other reports give incomplete information about these costs, 
and/or the derivation of capital recovery, i.e. what capacity factor and capital recovery 
factor they have used. Therefore, it is not possible to 'normalize' the capital recovery, as in 
the other sections. 
One common point about the analyses in the reports in table I.d, is that they have assumed a 
value for hydrogen transportation via pipeline, which in all cases is based on industry 
experience, or on the average for exiting pipelines, for the size of pipeline, and flow rate 
(transmission rate) in question. No equations or calculations have been given for the 
derivation of these costs. 
Trends 
From table I.d the following trends can be observed; 
> The delivered hydrogen cost decreases with increasing plant capacity (but not 
greatly), however, this is due to the capital cost component of the NG reforming plant 
and other equipment. This trend is only apparent from data within individual reports, 
not from comparing data across reports. 
> No trends in terms of costs can be observed in relation to pipelines from the figures in 
the table. 
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Table I.d Delivered Cost of Centrally Produced Hydrogen Transported via Pipeline 
Plant Production H, Pipeline Pipeline Profit Pipeline Total 
Capacity Rate Trans, 
rate 
Length Width Capital Recovery Running Costs Margin Transport Delivered 
H2 cost 





t/d t/d t/d km inches $/GJ $/GJ $/GJ $/GJ $/GJ $/GJ $/GJ $/GJ 
0.280 0.280* 0.280 60- 3: 7 ' 2.27 0.174 1.08' 10 N/A 1' 21.52 
Ogden, 
1995 
60- 3: 7 ' 1.08' 2 J 2 N/A 1^  Ogden, 
1.036 1.036* 1.036 1.93 0.116 13.85 1995 
60- 3- f 1.08' 1.3 N/A 1' Ogden, 
2.800 2.800* 2.800 193 0.104 12.41 1995 
60- 3 ' 1.08' 0.7 N/A 1' Ogden, 
5.600 5.600* 5.600 1.93 0.104 11.81 1995 
2.2 2.92 ADL, 
300 270 108 80.5'' N/A 3.65 6 j 3 1.8 5.5 N/A 18.95 2002 
N/A N/A N/A 2.5 Thomas, Air 
27.2 26.4 48 3.34 7.59 4.17 6 2 6 0.25' 24.11 1997 1996 Products 
N/A N/A N/A 2.92 Thomas, Air 
272 264 48 1.25 6 ^ 4 3.25 0.16' 20.68 1997 1996 Products 
N/A denotes information not given in the report. 
* In these cases production rate and plant capacity are not given, and so are based on transmission rate (or f low rate). 
'This is only energy used by the compressor , it does not include cost of N G for hydrogen production. 
" From an example in the report, it is assumed that these are the dimensions of the pipeline. 
The cost of delivered hydrogen is given as $8/GJ, but again based on the example in the text this can be split into $1 for transportation and the rest for 
production. 
^The average distance between the central plant and the refuell ing station is 50 miles- taking the transmission rate into account there need to be three 50 
mile pipelines. 
This cost is referred to as miscellaneous, no further information is given. 
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c) On-site hydrogen production for small SMR plant 
The size range considered for on-site steam methane reforming (SMR) plants in almost all 
the relevant reports is between 0.25 and 2.5 tons/day; some have considered sizes of up to 4 
tons/day. Stations with a capacity of 0.25 tons/day are said to be able to support between 
400 and 500 FCVs per day, while those of size 2.5 tons/day could supply more than 5000 
FCVs per day (these figures are just approximations, as each study gives a different number 
depending on utilization factor of station, sizes of vehicles and fuel consumption levels 
assumed). One report (Thomas, James et al. 1997) has analysed on-site fuel cell type SMR 
plants as small as 0.0378 tonnes/day (supporting around 50 FCVs). 
The costs of two main types of on-site SMR plants have been compared and contrasted 
here, conventional and fuel cell type. Conventional SMR units are those which are currently 
on the market. These are usually custom-designed to suit the user's needs (mainly industrial 
hydrogen producers). It has been found (Ogden, Kreutz et al. 1996) that fuel cell type 
SMRs would require lower pressure and lower levels of purity than conventional ones, and 
so could be made from less costly materials. Furthermore, they could use a standardised 
design, which would also bring down costs, particularly if a large number of them are 
made. The figures in the table I.e, below illustrate this clearly. 
Trends 
The following trends can be observed from the figures in table I.e, and figure I.c, about the 
capital costs of small on-site SMR refuelling stations: 
> Unit capital costs (in $/t/d) of conventional on-site SMR stations decrease 
significantly with increasing capacity. 
> In most cases more than half the capital cost of the station is made up of the cost of 
the reformer; the significance of this cost is greater for smaller refuelling stations. 
> Other important costs are storage and compression, and for smaller units, PSA. 
> The cost of storage becomes relatively more significant for stations with capacities 
bigger than 1 tonne/day. 
> From the data for the smallest fuel-cell SMRs it can be seen that increasing the 
number of units manufactured from one to a hundred can reduce the total capital cost 
by more than 60%. 
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Table I.e: Capital Costs of Small (On-Site) SMR Refuelling Stations 

































Report $year Source 
t/d $000 $000 $000 $000 $000 $000 $000 $000 $m/t/d Units/y 
C o n v e n t i o n a l 
0.255 1,500 N/A N/A 209.4 10.5 50 N/A 1,769.9 6.94 1 Ogden, 1995 N/S 
0.271 2,220 128 N/A 337 N/A 41 N/A 2,726 10.06 Thomas, 1997 1996 B O C 
0.652 1,804 297 N / A 429 N/A 64 N/A 2,594 3 4 8 Thomas, 1997 1996 Praxair 
0.690 631 414** 50.3 82^ 69 * * 241.5 1,941.3 2.81 ADL, 2002 
0.942 2,220 N/A N / A 724.24 10.5 100 N/A 3,054.7 3.24 1 Ogden, 1995 N/S 
1.99 3,031 663 N / A 2,131 N/A 222 N/A 6,047 3.04 Thomas, 1997 1996 B O C 
2.545 3,000 N/A N/A 2,094 10.5 275 N/A 5,379.5 2.11 1 Ogden, 1995 N/S 
3.94 2,731 446 N / A 2,124 N/A 203 N/A 5,504 1.40 Thomas, 1997 1996 Praxair 
3 4 4 5,956 2,224 N / A 1,306 N/A 112 
N/A 
9,598 2.44 Thomas, 1997 
1996 Air 
Products 
Fuel -ce l l t y p e 
0.0378 101.2* 14.30 47.19 18.67 N/A 42 N/A 223.40 5.91 1 Thomas, 1997 1996 
0.0378 35.1* 4^6 16.03 13.28 N/A 14.27 N/A 83.54 2.21 100 Thomas, 1997 1996 
0.0378 20.7* 2.83 9 J 4 11.20 N/A 8 J 2 N/A 5Z42 1.39 1000 Thomas, 1997 1996 
0.0764 118.8* 17.88 56.08 2548 N/A 42 N/A 260.27 3.41 1 Thomas, 1997 1996 
0.255 356.4 18.40 250 209.40 10.5 50 N/A 626.30 2.46 1 Ogden, 1996 Ballard" 
0.270 208* 36 101 60.00 N/A 42 
N/A 
447.10 1.54 1 Thomas, 1997 
1996 IPC/ 
Praxair 
0.942 535 67 250 724.24 10.5 100 N/A 1,369.74 1.45 1 Ogden, 1996 Ballard" 
2.545 999 184 375 2,094 10.5 275 N/A 3,378.5 1.33 1 Ogden, 1996 Ballard" 
N/A These values were not given (or were not taken into account) 
N/S Several companies were named, but the costs in question were not attributed to a specific one 
1 The reformer cost also includes compressor and PSA cost when these are not specified separately. 
2 These are based on the design of a Ballard reformer 
* These include the cost of the steam boiler 
** Dispensing cost is included in the cost of compressor 
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Produced Report $yr. Source 
t/d $000 $/GJ $/GJ $/GJ $/GJ $/GJ $/GJ $/GJ $/GJ $/GJ $/GJ Units/y 
Conventional 




5.05 9,94 N/A 20,49 64.96 40,46 1 
Ogden, 1995 N/S 
















0.690 1,941,3 18.02 8.30 8.80** 
($4.8/GJ) (S0.07/GJ) 
1.80 N/A 0.90 19.80 29,52 19,80 
ADL, 2002 




3.75 6,67 N/A 17,09 35,86 I Berry, 1996 1996 




2.51 2,72 N/A 10,73 31,50 20,21 1 
Ogden, 1995 N/S 












1.66 1,00 N/A 8,16 21,70 14,16 1 
Ogden, 1995 N/S 

















0.0378 223.40 37.86 37.86 7.01 
($3.8/GJ) ($0.06/kWh) 
1.67 N/A N/A 12.52 50..% 50.3S 1 
Thomas, 1997 
1996 




1.67 N/A N/A 12.52 26.1% 26.6A 100 
Thomas, 1997 
1996 




N/A N/A 12.52 21.40 21.40 1000 
Thomas, 1997 
1996 
0.0764 260.27 21.82 21.82 N/A N/A N/A N/A N/A 0.00 N/A N/A 1 Thomas, 1997 1996 




1,59 9,94 N/A 17.49 33,22 24,49 1 
Ogden, 1996 Ballard^ 












1,42 2,72 N/A 10.10 19,42 14,35 1 
Ogden, 1996 Ballard^ 




1,38 1,00 N/A 8.34 16,84 12,04 1 
Ogden, 1996 Ballard^ 
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Notes for table I.f: 
N / A These values were not specified (or were not taken into account) 
N /S Several companies were named, but the costs in question were not attributed to a specif ic one 
1 For Berry, 1996, this cost includes not only labour cost but all fuel l ing station overheads 
2 These are based on the design of a Ballard re former 
** The cost of electricity is included in that of natural gas, as they have not been given separate 
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Plant Capacity (t/d) 
* These are estimations for varying production quantities. 











i f o?!' i f 
Plant Capacity (tons/day) 
* These values correspond to advanced fuel cell-type SMR plants 
Capital recovery and delivered hydrogen costs have been normalised (as listed in table l.f) 
in order to make comparison between the costs more meaningful. Values from (Thomas, 
James et al. 1997) were used for the capital recovery factor (18.4%) and plant capacity 
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factor (65.7%). Values from this report were used, as a large number of the data sets (in 
tables I.e and I.f) were from this report. 
Trends 
The following trends can be observed from table I.f and chart I.d regarding the deUvered 
hydrogen costs from on-site SMR plants: 
> The delivered cost of hydrogen decreases with increasing size of plant, for data from 
the same sources. 
> About 50% of the delivered hydrogen cost is made up of the capital recovery cost. 
> The capital recovery cost generally decreases with increasing size of plant. However, 
by comparing the 'normalised capital recovery' value with the actual capital recovery 
values for each facility, it can be seen that assumptions about the capital recovery 
factor and plant capacity factor can significantly change the capital recovery cost. 
> Even after eliminating discrepancies caused by the two factors mentioned above, 
there remain great differences between delivered hydrogen costs for plants of similar 
size (e.g. the first two sets of figures in table I.f), as they are from different sources. 
> The differences between the delivered hydrogen costs are mainly due to the 
differences between the capital recovery costs and much less influenced by the 
energy, operation and maintenance and other running costs. 
Comparing the different reports 
When comparing the costs of on-site SMR from the different reports, there are more 
similarities than differences. The different reports consider the same constituent costs apart 
from a few minor differences. Some have included control panel and sequencer costs, while 
others have included site preparation costs. Similarly with the running costs, some reports 
have included labour cost or profit margin and some have not. 
In terms of quantitative differences, the biggest discrepancies are in capital costs of plants, 
particularly reformers. However, there seems to be more variability within a particular 
report where different companies have given varying levels of costs (Thomas, James et al. 
1997) for almost the same size plant, than between two different reports. 
The level of storage in each case has been dependent on the refuelling strategy, e.g. booster 
or cascade. One report has found that whether a booster or a cascade refuelling system is 
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used has very httle effect on the unit cost of hydrogen dehvered (Ogden, Dennis et al. 
1995). 
d) On-site hydrogen production from electrolysers 
This section looks at reports that analyse the capital cost of electrolyser systems, and/or 
delivered hydrogen costs (which include capital recovery and running costs). Although on-
site hydrogen production is analysed only, capital costs of large electrolysers (more than 
100 MW or 72 tons/day production capacity) are also included. 
While there is a large size range amongst the relevant reports, most of the analysis concerns 
electrolyser systems less than IMW (0.72 tons/day). 
Some reports have only analysed the capital cost of electrolysers, while others have looked 
at the electrolyser system. Electrolyser systems include the electrolyser, storage tanks, 
compressor, and power system controls (sometimes referred to as rectifier and controls). 
There are also minor differences in what some reports have included in the total capital cost 
of the system, e.g. some have included site preparation, while others have not. 
Some reports have given capacities and outputs (i.e. hydrogen production) of electrolysers 
in MW and some in terms of tons (of hydrogen) per day. In order to make comparisons, 
here one unit is converted to the other where necessary, and in each case the low heating 
value (LHV) of hydrogen is used. Capacity factors of electrolyser systems also vary from 
report to report, so to make comparisons more meaningful the unit capital costs have been 
normalized by using a capacity factor of 0.68 (that used in the Thomas 1997 report, which 
the majority of the data in this section is from). 
Table I.g lists sets of data on capital costs for electrolysers separately for each report, and 
within each report category, by type of electrolyser. The costs in italics are ones that have 
been estimated, and are not actual costs of existing equipment. These costs are either 
estimations for large volume production or estimates of costs of newly developed 
electrolysers not yet on the market. (It is not clear whether the costs from Berry, 1996 are 
estimates or actual costs). It is pointed out in some of the reports reviewed {(Thomas, 
James et al. 1997) and (Thomas and Kuhn 1995)} that most electrolysers 'currently' on the 
market are large (in the order of 15 MW) and any small electrolysers sold are custom-made 
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and produced in small numbers. One report (Thomas, James et al. 1997) has estimated costs 
for large volume production using progress ratios derived by the Electrolyser Corporation 
in conjunction with the Ford Motor Company. 
Comparing the different reports 
Of the reports reviewed, five included original cost data on hydrogen production from 
electrolysers, and only three of them were found to have undertaken detailed analysis. The 
three main factors analysed were; 
1) the effect of size/capacity, 
2) the effect of electricity price, 
3) the effect of production volume/quantity, 
on the cost of hydrogen produced from electrolysers. 
One report has also compared the costs of different types of electrolysers, that is alkaline 
with PEM (Proton Exchange Membrane), and steam electrolysers (Berry 1996). Another 
report (Thomas and Kuhn 1995) has looked at how costs change for different economic 
criteria, which correspond to three different categories of end-users (household, business, 
and utihty). 
Trends 
The following trends about the capital costs of electrolysers can be observed from the 
figures in table I.g and figures I.e and I.f, which show cost data from the above-mentioned 
reports: 
> Unit capital costs (in $/kW) of electrolysers fall with increasing capacities; there is a 
particularly notable reduction between 1 and 10 MW of capacity. This can be seen 
from figure I.e, where all unit capital costs in table I.g have been included (apart from 
the very larger 360 MW electrolysers). 
> Increasing the volume of production also reduces the unit cost of electrolysers. One 
report in particular (Thomas, James et al. 1997) shows how significant this effect can 
be- this is shown by the figures in bold in table I.g. 
> Figure I.f also illustrates the differences between costs of different types of 
electrolysers (of the same capacity). This is particularly evident from one of the 
reports (Berry 1996), which shows that unit capital costs of alkaline electrolysers are 
higher than steam ones which are higher than PEM ones for the same capacity. 
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Table I.h shows the capital costs of various electrolyser systems and their constituent parts 
(electrolyser cost, storage cost, compressor cost, etc.). This information was only available 
in two of the reports, and in each case the constituent costs given were slightly different. 
Figure l.g shows the corresponding unit capital costs (capital costs divided by system 
output); these values have been normahsed by using a capacity factor of 0.68 as in table l.g. 
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Figure I.g: Normalised Unit Capital Costs of Electrolyser Systems: Variation with 
Capacity 
7000 
6 0 0 0 --
5000 --













• Site prep./Land 
• Installation 
• Controls 
• Comp.& Disp. 
• Storage 
• Electrolyser 
o- o- o- Or O 
Capacity (MW) 
Q: These are cost estimations for electrolysers of the same capacity and type but varying production 
quantities (see table I.h). 
The following trends can be observed from the figures in table I.h and figure I.g: 
> As with electrolyser costs it can be seen that electrolyser system unit capital costs and 
its constituents also fall significantly with increasing production volume. This is 
shown by the first three sets of data in table I.h and figure I.g. 
> In general total unit capital costs decrease with the capacity of the system, but factors 
such as amount of storage required and type of electrolyser (the make or technology) 
affect this trend. 
> Unit capital costs of electrolysers, compressors and dispensers, and power and control 
systems generally decrease with increasing capacities, while storage costs depend on 
capacities and refuelling regimes, e.g. a refuelling station working 24 hours a day 
may require more storage tanks than a station with a larger electrolyser working 14 
hours off-peak, and filling up its fleet over night (Thomas, James et al. 1997); as 
shown in columns 4 and 5 in figure I.g 
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Manufactured $ year Report Source 
MW (LHV) MW (LHV) $000 $/kWout $/kWout 
0.0016 0.0016 1.00 PEM 2 J 7 yvso 2776 Small nos. 1995 Thomas, 1995 Lawrence Livermore 
0.003 0.003 1.00 PEM 0.90 300 441 large nos. 1995 Thomas, 1995 DTI projection 
0.00755 0.00755 1.00 PEM 2.49 330 4H5 100,000 1995 Thomas, 1995 Hamilton Standard 
10 10 1.00 PEM H.500 850 1250 Small nos. 1995 Thomas, 1995 Stone and Webster 
34 34 1.00 PEM 7.140 210 309 Small nos. 1995 Thomas, 1995 General Electric 
360 360 1.00 PEM 147.600 410 603 Small nos. 1995 Thomas, 1995 Los Alamos 
1.7 1.7 1.00 Alkaline /27J yg7J Small nos. 1995 Thomas, 1995 Lawrence Livermore 
6.g 6.8 1.00 Alkaline .1944 j W fi53 Small nos. 1995 Thomas, 1995 Princeton University 
60.5 60.5 1.00 Alkaline 770 1132 Small nos. 1995 Thomas, 1995 Flour Daniel 
67 67 1.00 Alkaline .^9.5.^0 Small nos. 1995 Thomas, 1995 Electrolyser Corp. 
360 360 1.00 Alkaline 4m>oo 1350 19H5 Small nos. 1995 Thomas, 1995 Los Alamos 
0.00377 0.00189 0.5000 HVRA-250 A77 2636 100 units/y 1996 Thomas, 1997 Electrolyser Corp. 
0.00377 0.00377 1.0000 N/A 6.30 1,669 2454 1 1996 Thomas, 1997 Air Products 
0.00755 0.00377 0.5000 HVRA-500 9.90 ZA2j 1929 100 units/y 1996 Thomas, 1997 Electrolyser Corp. 
0.00755 0.00377 0.5000 N/A 11.70 3,100 2279 1 1996 Thomas, 1997 Air Products 
0.03025 0.02082 0.6881 HVRA-500* .^9.50 y.ww 1920 100 unit,s/y 1996 Thomas, 1997 Electrolyser Corp. 
0.07549 0.05690 0.7537 HVRA-500* 9,S 1909 100 units/y 1996 Thomas, 1997 Electrolyser Corp. 
0.09964 0.06800 0.6825 HVRA* 962 100 units/y 1996 Thomas, 1997 Electrolyser Corp. 
0.19983 0.13600 0.6806 HVRA* lOI 743 7V.i 100 units/y 1996 Thomas, 1997 Electrolyser Corp. 
0.50791 0.34693 0.6831 Stuart cell 573.40 YAM 1660 100 units/y 1996 Thomas, 1997 Electrolyser Corp. 
5.07910 3.46933 0.6831 El-250 5.127 I4H4 100 unit.s/y 1996 Thomas, 1997 Electrolyser Corp. 
71.19063 48.57060 0.6823 El-250* 52,900 1,089 1093 1 units/y 1996 Thomas, 1997 Electrolyser Corp. 
71.19063 48.57060 0.6823 Advanced 17.750 365 j;67 10 unit,s/y 1996 Thomas, 1997 Electrolyser Corp. 
0.00377 0.00189 0.5000 HVRA-250 6.77 2636 100 units/y 1996 Thomas, 1997 Electrolyser Corp. 
0.00377 0.00189 0.5000 HVRA-250 1.03 546 401 25000 units/y 1996 Thomas, 1997 Electrolyser Corp. 
0.00377 0.00189 0.5000 HVRA-250 0.46 241 177 IM units/y 1996 Thomas, 1997 Electrolyser Corp. 
0.00111 0.00058 0.5200 Alkaline** 2.70 4,677 3577 N/A 1996 Berry, 1996 United Technologies 
0.05412 0.04113 0.7600 Alkaline 110 2,674 2989 N/A 1996 Berry, 1996 United Technologies 
0.32473 0.24679 0.7600 Alkaline 650 2.634 2944 N/A 1996 Berry, 1996 United Technologies 
1.62365 1.23397 0.7600 Alkaline 2,100 1,702 1902 N/A 1996 Berry, 1996 United Technologies 
0.00111 0.00058 0.5200 PEM** 2.60 4,504 3444 N/A 1996 Berry, 1996 United Technologies 
0.05412 0.04113 0.7600 PEM 85 2,066 2310 N/A 1996 Berry, 1996 United Technologies 
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Manufactured $year Report Source 
MW (LHV) MW (LHV) $000 $/kWout $/kWout 
0.32473 0.24679 0.7600 PEM 390 1,580 1766 N/A 1996 Berry, 1996 United Technologies 
1.62365 1.23397 0.7600 PEM 1,300 1,054 1177 N/A 1996 Berry, 1996 United Technologies 
0.32473 0.24679 0.7600 Steam 440 1,783 1993 N/A 1996 Berry, 1996 United Technologies 
1.62365 1.23397 0.7600 Steam 910 737 824 N/A 1996 Berry, 1996 United Technologies 
0.95753 0.86178 0.9000 N/A 589.95 685 906 N/A ADL, 2002 
Capaci ty fac tor of 0 .68 has been used. 
* These are mult iples of e lectrolyser units. 
** These are residential e lectrolysers with a SOOpsi s torage sys tem for 1kg of H^. 
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Table I.h: Capital Costs of Electrolyser Systems 
Capaci ty O u t p u t Capaci ty 
factor 
T y p e of 
Electro lyser 










Quant i ty 
P r o d u c e d 
Repor t Source of data Electro lyser S torage C o m p r e s s o r 
& 
Dispenser 





( L H V ) 
M W 
( L H V ) $ $ $ $ $ $ / k W $ / k W 
0.00377 0.00189 0.5000 HVRA-250 6.765 0 5610 4125 16500 A7Vj iW2« 100 Thomas, 1997 Electrolyser Corp. 
0.00377 0.00189 0.5000 HVRA-250 1.030 0 1900 .M7P 2055 1511 25000 Thomas, 1997 Electrolyser Corp. 
0.00377 0.00189 0.5000 HVRA-250 455 0 279 1574 834 613 IM Thomas, 1997 Electrolyser Corp. 
0.00377 0.00377 1.0000 N/A 6,300 3200 3700 2500 15700 4159 6117 1 (24 hr.) Thomas, 1997 Air Products 
0.00755 0.00377 0.5000 N/A 11,700 0 7200 4100 23000 6093 4480 1 (14hr.) Thomas, 1997 Air Products 
0.03025 0.02082 0.6881 HVRA-500 39.500 lOHOO 22400 17100 H9mo 4314 4365 100 Thomas, 1997 Electrolyser Corp. 
0.07549 0.05690 0.7537 HVRA-500 m)oo 21 mo 56600 41400 27 7 m ; 4243 100 Thomas, 1997 Electrolyser Corp. 
0.09964 0.06800 0.6825 HVRA 65.200 21700 20200 155200 22N2 2297 100 Thomas, 1997 Electrolyser Corp. 
0.19983 0.13600 0.6806 HVRA 101.000 33700 43300 240600 7769 7777 100 Thomas, 1997 Electrolyser Corp. 
0.50791 0.34693 0.6831 Stuart cell 407400 316900 211300' 1509000 4350 100 Thomas, 1997 Electroly.ser Corp. 
0.95753 0.86178 0.9000 N/A 589,950 465750 341550 93150 1,689,120* 1960 2594 N/A ADL, 2002 
5.07910 3.46933 0.6831 El-250 5.127.000 7H2000 2259000 521000' ,S6fi9000 2505 2576 100 Thomas, 1997 Electroly.ser Corp. 
71.19063 48.57060 0.6823 El-250 52,900,000 12160000 3580000** 2830000*** 71470000 1471 1476 1 Thomas, 1997 Electrolyser Corp. 
71.19063 48.57060 0.6823 Advanced 17.750.000 12160000 35,^0000** 2100000*** 35590000 733 7.iJ 10 Thomas, 1997 Electrolyser Corp. 
* This cost includes site preparat ion = $198 ,720 
** These are the costs fo r pipel ine compressor , as for these plants the hydrogen is cair ied off by p ipel ine to the d i spens ing stations. 
*** These costs are for installation and spares in this case. 
' These costs have been normal ized us ing capaci ty fac tor of 0.68. 
"These are land costs in this case, power sys tem and controls are included in the electrolyser cost . 
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Table Li: Costs of Delivered Hydrogen from Electrolyser Systems 





















tons/y tons/y $/kg $/kg $/kg $/ke $/kg $/kg $/kWh $/kg $/kg 
$/GJ 
(LHV) Units/y 
j.AW 2.34 OM) 0.0275* 0.0342* 0.0756* N/A 0.07 0.04 0.04 0.03 0.27 0.48 4.01 Thomas, 1995 
j . a y 2.34 <).6() 0.0712** 0.0886** 0.1956** N/A 0.19 0.04 0.04 0.03 0.27 0.70 5.83 Thomas, 1995 
j . a y 2.34 0.60 0.0473*** 0.0589*** 0.1300*** N/A 0.12 0.04 0.04 0.03' 0.27' 0.58' 4.84 Thomas, 1995 
j.AW 2 j 4 0.60 0.0473*** 0.0589*** 0.1300*** N/A 0.12 0.04 0.04 0.02' 0.16' 0.47' 3.95 Thomas, 1995 
3.H9 2 3 4 0.60 0.0473*** 0.0589*** 0.1300*** N/A 0.12 0.04 0.04 0.04' 0.43' 0.74' 6.18 Thomas, 1995 
0.952 0.952 1.00 1.191 0.777 0.336 0.263 0.18 0.64 0.00 0.07 3.89 7.10 59.18 1 N/A Thomas, 1997 
0.952 0.476 0.50 2.558 2.239 0.000 1.647 0.18 0.87 0.00 0.03 1.76 9.08 75,722 100' HVRA-250 Thomas, 1997 
0.952 0.476 0,50 0.389 0.758 0.000 0.379 0.18 0.60 0.00 0.03 1.76 3.89 32.46^ 25000' HVRA-250 Thomas, 1997 
0.952 0.476 0.50 0.172 0.335 0.000 0.111 0.18 0.28 0.00 0.03 1.76 2.66 22,21% I M ' HVRA-250 Thomas, 1997 
1.90 0.952 0.50 2.212 1.815 0.000 0 . # 3 0.18 1.09 0.00 0.02 0.83 6,38 53.24 1 N/A Thomas, 1997 
1.90 0.952 0.50 1.872 1.098 0.000 0.858 0.18 0.49 0.00 0.02 0 8 8 5.20 43.37 100 HVRA-500 Thomas, 1997 
7.63 5.01 0.66 1.421 0.850 0.216 0.649 0.18 0.22 0.00 0.03 1.76 5.12 42.71 100 HVRA-500 Thomas, 1997 
19.04 12.50 0.66 1.412 0.861 0.174 0.630 0.18 0.20 0.00 0.03 1.76 5.04 42,05 100 HVRA-500 Thomas, 1997 
25.13 16.52 0.66 0.710 0.553 0.131 0.232 0.18 0.15 0.00 0.03 1.67 3.44 28,72 100 HVRA Thomas, 1997 
50.40 33.11 0.66 0.549 0.359 0.102 0.248 0.18 0.11 0.00 0.03 1.67 3.04 25.32 100 HVRA Thomas, 1997 
128.10 84 0.66 1.229 0.717 0.485 0.478 0.18 0.64 0.00 0.03 1.67 5,22 43.50 100 Stuart cell Thomas, 1997 
1,281 840 0.66 1.099 0.511 0.093 0.118 0.18 0.47 0.00 0.03 1.58 3.87 32.27 100 El-250 Thomas, 1997 
17,955 12,250 0.68 0.777 0.056 0.099 0.044 0.18 0.40 0.00 0.03 1.58 2.95 24.65 1 El-250 Thomas, 1997 
17,955 12.250 0.68 0.261 0.056 0.099 0.033 0.18 0.40 0.00 0.03 1.58 2 4 3 20.24 10 Advanced Thomas, 1997 
0.292 0.152 0.52 2.900' N/A 1.200 N/A 0.22 0.20 0.004 0.05 3.80 8.10 67.56 N/A Alkaline'' Berry, 1996 
14.24 10.82 0.76 2.000' N/A 2.800 N/A 0.22 0.40 0.80'' 0.05 2.90 8.90 74.23 N/A Alkaline Berry, 1996 
85.41 64.91 0.76 2.000' N/A 1.400 N/A 0.22 0.15 0.80" 0.05 2.90 7.25 60.47 N/A Alkaline Berry, 1996 
427.05 324.56 0.76 1.300' N/A 0.800 N/A 0.22 0.13 o.go" 0.05 2.90 5.93 49.46 N/A Alkaline Berry, 1996 
0.292 0.152 0.52 2.800' N/A 1.200 N/A 0.22 0.20 0.00"' 0.05 2.90 7.10 59.22 N/A PEM'' Berry, 1996 
14.24 10.82 0.76 1.500' N/A 2.800 N/A 0.22 0.40 o.go' 0.05 2.90 8.40 70.06 N/A PEM Berry, 1996 
85.41 64.91 0.76 1.200' N/A 1.400 N/A 0.22 0.15 o.so" 0.05 2.90 6.45 53.80 N/A PEM Berry, 1996 
427.05 324.56 0.76 0.800' N/A 0.800 N/A 0.22 0.13 0.80-' 0.05 2.90 5.43 45.29 N/A PEM Berry, 1996 
85.41 64.91 0.76 1.400' N/A 1.400 N/A 0.22 0.15 0 80" 0.05 2.20 5.95 49.63 N/A Steam Berry, 1996 
427.05 324.56 0.76 0.600' N/A 0.800 N/A 0.22 0.13 0.80" 0.05 2.20 4.53 37.78 N/A Steam Berry, 1996 
251.85 226.67 0.90 0.31 0.18 0.25 0.15' 0.12 0.30 0.14" 0.07 3.36 4.69 39.15 AK4 
Arthur D Little, 
2002 
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Notes for table Li: 
These costs correspond to the economic scenario analyses, different capital recovery factors (CRFs) have been used: 
*Home mor tgage scenario: C R F = 7 .15%, 
**Business loan scenario: C R F = 18.5%, 
***Utili ty load scenario: C R P = 12.3% 
* These figures show how electricity prices affect the cost of delivered hydrogen f r o m an electrolyser system. 
^These figures show the effect of production quantities on the cost of delivered hydrogen f rom an electrolyser system. 
^These figures include both compressor and electrolyser costs. 
' 'These costs are station overheads and for the A D L report , margin. 
'Th is cost includes site preparation. 
' 'These are h o m e electrolysers with their o w n storage units fo r 1kg of hydrogen. 
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Figure l.h: Cost of Delivered Hydrogen from an Electrolyser System: Variation with Capital 




























Capital Recovery Factor 
0.185 
Source: (Thomas, James et al. 1997) 
Figure Li: Cost of Delivered Hydrogen from an Electrolyser System: Variation with Price 



















0.015 0.025 0.04 
Price of Electricity ($/kWh) 
• Electricity 





Source: (Thomas, James et al. 1997) 
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Figure I.j: Normalised Costs of Delivered Hydrogen from Electrolyser Systems: 
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X: Cost estimated assuming large production volumes for electrolyser, compressor and storage tanks. 
1 Alkaline electrolysers; 2 PEM electrolysers; 3 Steam electrolysers 
Q; Estimations for varying production volumes (for otherwise identical electrolyser systems) 
Table I.i and figures I.h and I.i show total delivered hydrogen costs from electrolyser 
systems and their constituent parts. Again, only a small number of reports analysed these 
costs. The following trends can be observed from these figures: 
> From figure I.h it can be seen that for the same size plant, if the capital recovery 
factor (CRF) is changed from 0.07 to 0.185, the dehvered cost of hydrogen can vary 
between $0.48/kg and $0.70/kg (the first three rows in table I.i). 
> Figure I.i shows that increasing the price of electricity from $0.2/kWh to $0.4/kWh 
can increase the dehvered hydrogen cost from $0.47/kg to $0.74/kg. 
> Further from table I.i it can be seen that the delivered hydrogen cost changes with 
type of electrolyser (all other factors, such as capacity, CRF, capacity factor, etc. 
being the same). This is not just due to their different capital costs, but also different 
efficiencies (Berry, 1996). 
In order to be able to make a sensible comparison of the delivered hydrogen costs in 
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table Li, the costs were 'normalised', i.e. the same capacity factor (0.68), CRF (0.18) and 
electricity price ($0.03/kWh) were used in each case. These normalised costs are shown in 
figure Lj. The following trends can be seen from these: 
> Delivered hydrogen costs from electrolyser systems, generally decrease with 
increasing capacity, but other factors can affect this trend: 
the different types of the electrolysers, 
production quantities (of electrolysers), as can be seen from e.g. columns 4, 5, 
and 6 of figure Lj. 
> The lowest delivered hydrogen cost derived is $0.7/kg (column 9 in figure Lj); this 
cost has been estimated assuming large production volumes for the electrolyser, 
compressor and storage tanks. 
e) Hydrogen production from renewable sources of energy 
Most of the reports (out of those analysed) concerning the costs of hydrogen produced from 
renewable sources analyse costs of hydrogen production from either solar (photovoltaic), 
wind, biomass and/or MSW (municipal solid waste). Therefore it is the costs of hydrogen 
production from these sources that are covered in this section. 
Although some reports give costs of delivered hydrogen (from renewables), which includes 
its transportation, compression and storage and dispensing costs, here only costs of 
hydrogen production are looked at. This is because the other costs- if included, have been 
taken from other studies (and have been covered elsewhere in this review). 
Comparing the different reports 
Out of all the reports reviewed in this study, six concerned costs of hydrogen production 
from renewable sources. Five of these included cost data from original sources (i.e. from 
manufacturers or R&D institutions). Some reports have used cost data from other 
publications but have scaled them up or down, using a scaling factor, e.g. in Chen 1995. 
Most reports have compared the costs of hydrogen production from renewable sources to 
those of hydrogen from SMR, coal or grid electricity. Furthermore two reports, one looking 
at costs of hydrogen from biomass (Larson and Katofsky 1992) the other looking at costs of 
hydrogen from MSW (Chen 1995), have also analysed the cost of methanol from these 
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fuels. [There are two reasons for this, one is that methanol can be obtained from these fuels 
via similar processes (of gasification) and the other is that fuel cell vehicles can run on 
methanol. Therefore methanol from biomass or MSW is a competitor to hydrogen from 
biomass or MSW for use in FCVs.] 
One report (Mann, Spath et al. 1998) compares the cost of hydrogen from an autonomous 
(or stand-alone) PV and wind system to similar systems connected to the grid (thus 
allowing buying and selling of excess electricity to and from the grid). 
For the analysis of trends and conclusions related to the costs of hydrogen production from 
renewable sources, the production technologies were put into two categories; those that 
derived hydrogen from electricity generated from the renewable source, that is wind and 
PV, and those that derived hydrogen from reforming a gas produced through gasification or 
pyrolysis, that is biomass and MSW. 
Trends : costs of hydrogen production from PV and wind 
Table I.j shows all hydrogen production costs from PV and wind, in the order of increasing 
PV/wind system size/capacity. Data on capital costs of the PV modules, wind turbines, and 
electrolysers were quite limited; only one report gave these costs separately (Mann, Spath 
et al. 1998). It was not possible to derive 'normalized' costs due to the lack of data. The 
PV/wind electricity costs (in $/kWh of H2 produced) include both the capital and running 
costs of the systems, as do the electrolyser unit costs. 
One point evident from table I.j is that different studies have chosen different PV/Wind 
system and electrolyser power ratios. For example in the case of Mann 1998, for wind 
energy, the wind system is five times as big as the electrolyser, while in Dutton et al. 2000, 
the capacities are around the same. This is due to the different approaches to the 
intermittency issues to do with energy from wind and PV. PV is more predictable in that it 
is certain that solar power will be available in day time, so by planning for sufficient 
storage the intermittency problem can be overcome. Wind levels, on the other hand, can 
change by the minute, so it would be more appropriate to have a relatively higher wind 
system capacity in order to keep the power output (and hydrogen output) as constant as 
possible. 
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As can be seen from the figures in table I.j, even for the same capacities of PV/wind 
systems and electrolyser, the cost of electricity produced can be different. This is because 
there are several factors, both technical and local, which affect the efficiency of the system 
and therefore cost of the electricity produced. These factors include solar insolation, wind 
speed, and energy conversion efficiencies (for all parts of the system). The capital cost of 
the equipment of course does change with its capacity or size, but it is also affected by 
production quantities and technology development. Most of the reports have attempted to 
estimate 'future' costs for the PV and wind systems- this is indicated in the first column of 
table I.j (in italics), as are the wind speeds, and other technical factors which are changed. 
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Table I.j: Cost of Hydrogen Production from PV and Wind 




















$ y e a r Report Source 
M W M W M W Hz $/kWh $/kWh H; $/kWh Hz $/kWh Hz $/kWh Hz $/kgHz 
$/G,I 
(LHV) 
PV (1988-5%)* >5 >10 0.279 0.336 0.009 0.0004 13.6 113.6 1989 Ogden, 1989 * * 
PV (1988-5%)* >5 >10 0.114 0.137 0.009 0.0004 5.8 4&2 1989 Ogden, 1989 ** 
PV(1995- 6%>* >5 >10 0.0H9 0.107 0.009 0.0004 4.6 3 8 3 1989 Ogden, 1989 * * 
FV11995-12%}* >5 >10 0.044 0.053 0.009 0.0004 2.5 20.5 1989 Ogden, 1989 * * 
PVtWOO- 12%)* >5 >10 0.035 0.042 0.009 0.0004 2.0 16.9 1989 Ogden, 1989 * * 
HV(2()0()- l!i%.)* >5 >10 0.020 0.024 0.009 0.0004 1.3 11.0 1989 Ogden, 1989 * * 
PV (2000) 10 2 1.640 0.213 0.363 0.065 0.014 N/A 17.3 144.4 1995 Mann, 1998 * * 
FV(2010> 10 2 1.740 0.109 7.5 62.7 1995 Mann, 1998 * * 
Wind (8 ni/s) 0.1 0.1 0.063 0.046 0.074 0.194 0.040 12.2 101.4 1994 Button, 2000 BLR 
Wind (10 m/'s) 0.1 0.1 0.063 0.038 0.060 0.154 0 8.4 70.5 1994 Dulton, 2000 BLR 
Wind t futun- Hm/s) 0.1 0.1 0.063 0.041 0.066 0.131 0 7.H 64.8 1994 Button, 2000 BLR 
Wind (fiiliire- lOnt/s) 0.1 0.1 0.063 0.034 0.054 0.106 0 6.3 52.6 1994 Button, 2000 BLR 
Wind (8 m/s) 0.5 1 0.625 0.036 0.057 0.091 0.009 6.2 51.7 1994 Button, 2000 BLR 
Wind (10 m/'s) 0.5 1 0.625 0.033 0.053 0.074 0 5.0 41.7 1994 Button, 2000 BLR 
Wiiul {future- Hm/s) 0.5 1 0.625 0.029 0.046 0 4.3 35.7 1994 Button, 2000 BLR 
Wind Ifiilitre- lOni/s) 0.5 1 0.625 0.027 0.043 0.051 0 3.7 31.0 1994 Button, 2000 BLR 
Wind (2000) 10 2 1.640 0.055 0.118 0.020 0.014 N/A 7.0 58.0 1995 Mann, 1998 
Wind (2010) 10 2 1.740 0.037 0.0H6 0.014 0.006 AM 4.0 33.1 1995 Mann, 1998 
1 In the case of the Ogden report these costs have been given for module costs ranging f rom $1.2AVp to $0.2AVp, module eff iciencies ranging from 6-18%, 
B O S costs of $33/m2, system lifetime of 30 yrs, and av. Insolation of 271 W/m2 . For the Mann report these costs have been estimated given a set of values 
and assumptions about the capital costs and the operating costs. 
2 To get cost of renewable electricity in $ /kWh of hydrogen, need to divide the $ /kWh cost by the conversion eff iciency of the electrolyser. 
3 The cost of electrolyser includes both capital and O & M costs. The operating costs in the Mann report is given as 3% of electrolyser capital cost. 
* The percentages in brackets are PV module eff iciencies; for each case the unit cost of the PV module is also different . The Ogden report gives a straight-line 
relationship between the cost of PV electricity and the cost of hydrogen production (y = 0.0089+ 1.2 x ) , for PV systems > 5 M W and electrolysers > 1OMW. 
** The source is given as a combination of the following: Electrolyser Corp., Chronar Corp., Solarex, A R C O Solar, BCD. 
All costs in italics are estimated future costs. 
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Considering the numerous factors that affect the cost of PV/wind electricity (both local and 
technical), and the insufficiency of the data given in the reports, the only quantitative 
comparison that could be made between the reports was that of the total unit cost. These are 
Listed in table I.j and shown in figure I.k and the constituent unit costs are shown in figures 
I.l and I.m. These constituent costs include the cost of PV/wind electricity, the costs of the 
electrolyser, storage cost and working capital. 
The following can be observed from the data in table I.j and figures I.k, I.l, and I.m: 
> From figure I.k it can be seen that unit cost of hydrogen production from PV and wind 
increases almost linearly with the cost of the PV/wind electricity generated, for each set 
of data. (The gradient of the straight line, which depends mainly on the capital cost of 
the equipment, is different from report to report, because the systems have different 
capacities.) [In Ogden 1988, this straight-line relationship is shown graphically for PV 
systems >5MW and electrolysers >10MW.] 
> Figure I.l shows that PV electricity makes up most of the unit cost of hydrogen 
production from this source. (Different PV conversion efficiencies have been used for 
the data in the last four columns in figure I.l). 
> Figure I.m shows that in the case of hydrogen from wind, the unit cost is mainly made 
up of the cost of the electrolyser, and the higher the overall unit cost becomes the higher 
the contribution of the electrolyser cost. 
> Furthermore, as the cost of wind electricity increases its contribution to the overall unit 
cost of hydrogen production does not increase by much. 
> In the Mann 1998 study, the contribution from wind electricity to the overall cost of 
hydrogen production is higher; this is due to the larger size of the wind system 
compared to the hydrogen produced. (The same is true for the PV costs in the Mann 
1998 study.) 
> Looking at data from the Dutton et al. 2000 report it can be seen that for higher wind 
speeds (and the same capacities etc.) the unit cost of hydrogen production decreases. 
> All reports have estimated a decrease in the capital costs of equipment and/or an 
increase in efficiencies, with time, which have resulted in lo-wor future unit production 
costs, for both wind and PV. It is interesting to see that the unit cost of PV-hydrogen 
production is estimated by Ogden 1988 to be between $2.5 and $4.6/kg in 1995, while 
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Mann 1998, has estimated this cost in the year 2000 to be $17.3/kg, based on 1995 data. 
However, the output to capacity ratio in the case of the Mann report is quite low, and 
for the Ogden report it is unknown. 
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* These costs are f rom Mann 1998, the others are all from Ogden 1989. 
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Figure I.m: Constituent Unit Costs of Hydrogen Production from Wind: Variation with 
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* These are future estimated costs f rom Button et al, 2000 
** These are future estimated costs f rom Mann, 1998 
Trends : costs of hydrogen production from Biomass and MSW 
Both capital costs and unit production costs for hydrogen from biomass and MSW are very 
much dependent on the type of gasification or pyrolysis technology employed for the 
conversion of the raw material to hydrogen gas. Table I.k, lists the unit hydrogen 
production costs from the various reports, for the different technologies covered. Table I.l 
lists the total and constituent capital costs for the same set of data; these costs are shown 
graphically in figures I.o and I.p. The different processes are usually named after the 
institution which first developed them, e.g. BCL (Battelle-Columbus Laboratory) or 
Shell ' \ 
Figure I.n shows the normalized unit costs of hydrogen production from biomass and 
MSW. These costs are derived so that more sensible comparisons can be made between the 
data from the different reports. Normalised values for the CRF, feedstock cost, percentages 
for contingency costs, start-up, and profit, as well as working capital were used to derive 
the values (see notes under figure I.n). As the capacity factors were all 90%, no adjustments 
were needed in terms of normalisation. 
" Gasifier technology abbreviations and what they denote are given in table I.k and related notes. 
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The following trends can be observed from the above-mentioned tables and charts showing 
costs of hydrogen from biomass and MSW: 
> Unit hydrogen production costs from biomass and MSW go down with increasing 
capacity, for each technology type (see figure I.n). 
> There are significant differences between the different gasifier/pyrolysis conversion 
processes, even for the same capacities. 
> The biggest components of the unit cost of hydrogen production from biomass and 
MSW are the capital costs, and the running costs. 
> Feedstock costs can also be a significant component in the case of biomass processes. 
In figure I.o, the price assumed for biomass feedstock is $25/ton, which is a mid-
range value from the reports analysed. Biomass can cost as much as around $40/ton. 
> Profit, contingency and start-up costs can also be significant, particularly when unit 
capital costs are high, as these are taken to be a certain percentage of the capital cost. 
> Capital cost components and their share of the total capital cost are very different for 
the different conversion processes (this can be seen in figures I.o and I.p). 
> It is difficult to say from the data in this section whether hydrogen from biomass is 
more or less costly than hydrogen from MSW. MSW plants have the extra costs of 
pollution removal, and feedstock treatment, but have negative feedstock costs, so the 
difference between the two depends very much on cost and type of feedstock. 
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Unit cost' $ year Report Source 
dry ton/day $/ton kg/day Hi $m $/kg $/kg $/kg $/kg $/kg $/kg $/kg 
$/GJ 
(LHV) 
Biomass- BCL/FERO 300 25 21,044 4 0 7 0 0.530 0.095 0.356 0.996* 2.341 19.53 1995 Mann, 1998 
Biomass- IGT 300 25 22,232 75.40 0.929 0.167 0.337 1.938* 3.902 32,55 1995 Mann, 1998 
Biomass- Texaco 300 25 19,767 56.80 0.787 0.142 0.379 2.394* 4.186 34.91 1995 Mann, 1998 Texaco 
Biomass- BCL/FERO 1000 25 70.148 105.00 0.410 0.074 0.356 0.722* 1.873 15,62 1995 Mann, 1998 
Biomass- IGT 1000 25 74,106 175.60 0.649 0.117 0.337 1.255* 2.767 23,08 1995 Mann, 1998 
Biomass- Texaco 1000 25 65.891 127.60 0.531 0.096 0.379 1.631* 3.008 25.09 1995 Mann, 1998 Texaco 
Biomass- WM 1650 41.8 171,836 153.00 0.368 0.127 0.024 0.004 0.362 0.370** 1.256 10.48 1991 Larson, 1992 See note 1 
Biomass- BCL 1650 40.2 165,079 111.00 0.278 0.101 0.018 0.004 0.362 0.300** 1.063 8,87 1991 Larson, 1992 See note 1 
Biomass- IGT 1650 383 124,147 169.00 0.563 0.192 0.037 0.005 0.457 0.501** 1.763 14.71 1991 Larson, 1992 See note 1 
Biomass- Shell 1650 38J 151,370 194.00 0.530 0.178 0.035 0.004 0.375 0.462** 1.590 13.26 1991 Larson, 1992 See note I 
MSW- BCL 1052 -25.5 60,736 144.34 0.983 0.344 0.064 0.006 -0.443 0.487 1.442 12.02 1991 Chen,1995 See note 2 
MSW- MTCI 1052 -23.9 64,998 158.16 1.007 0.352 0.066 0.005 -0.386 0.648 1.693 14.12 1991 Chen,1995 See note 2 
MSW- ThS 1052 -24.7 75,045 195.77 1.079 0.378 0.071 0,004 -0.346 0.695 1.882 15.69 1991 Chen,1995 See note 2 
** 
*** 
These have been estimated by taking other costs away from the given total cost in Mann 1998, they include electricity, water, and labour costs; in addition, for the Texaco plant they 
include the cost of the pyrolysis plant. 
These operating costs include costs of catalysts, chemicals, energy, labour, maintenance, and overheads. 
The abbreviations in this column are: BCL/FERO- Battelle Columbus Laboratory/Future Resource Corp., IGT- Institute for Gas Technology, WM- Wright-Malta Corp., MTCI-
Manufacturing & Technology Conversion International Inc., ThS- Thermoselect Inc. 
Note 1: Apart from data on WM gasifier most other costs are based on data in Wyman, Bain et al. 1992. Reformer costs, as well as costs of reactor vessel, heat exchangers, pumps and filters, 
etc. were based on data from KTl Inc. COi removal equipment costs were for Union Carbide's Selexol process (Union Carbide Chemicals and Plastics, Specialty Chemicals Div.). 
Pressure swing adsorption (PSA) costs were based on the Air Products and Chemicals 'Gemini' system. 
Note 2: All cost data have been taken from other reports. Cost of the ThS gasifier has been based on data from Thermoselect Inc. and cost of CO2 removal equipment costs were from Union 
Carbide Chemicals and Plastics; Air Products and Chemicals were consulted on reformer and PSA costs. 
For the Larson report, feedstock cost has been derived from a given value of $2/GJ. In Chen 1995, although it is stated that a cost of -$22/ton is used, when cost per year of fuel is 
divided by ton/year a different value is obtained, as shown in the table. 
To derive unit capital costs, the CRF used in Mann 1998 is 10%, and in Larson and Chen is 0.151. 
This cost includes contingencies, owners fees, profit, and startup costs, which are all given as different percentages of installed capital cost. 
Working capital is assumed to be 18% of installed capital in Mann, and 10% in Larson, and 10% in Chen. 
In the case of Mann 1998, 37% tax is added onto the unit production cost. 
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Figure I.n: Normalized Unit Cost of Hydrogen Production from Biomass and MSW: 



































• Profit etc.* 
• Capital 
* This includes profit , start-up costs and contingencies. 
** Other costs include all running costs excluding feedstock. 
Notes: 
1 The normalised value of biomass feedstock cost used is $25/ton, M S W feedstock costs are not 
normalised as they are very similar. 
2 The normalised C R F value used is 0.151. 
3 The normalised percentage value used for 'profits etc. ' is 35%. 
4 The normalised percentage used for working capital is 10%. 
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Table 1.1: Capital Costs of Hydrogen Production from Biomass and MSW 
Biomass-WM Biomass-IGT Biomass-Shell MSW- MTCI MSW- ThS 
Feed capacity (dry t/d) 1650 1650 1650 1052 1052 
Cost of feeding system (m$) 7.4 16.4 34.6 46.2 0 
Cost of gasifier ($m) 64 29 29 21.9 68.5 
Cost of gas cooling (Sm) 0 24.9 
Cost of oxygen plant ($m) 0 41.7 59.6 0 19.6 
Cost of sulphur removal (Sm) 9.7 9.7 
Cost of shift reactor* (Sm) 9.4 9.4 9.4 3.4 2.3 
Cost of reformer** (Sm) 17 16.7 0 23.6 10.6 
Cost of PSA system*** ($m) 19.2 20.09 19.6 5,1 5.6 
Cost of compressor ($m) 5.7 1,8 3.1 2.3 2.7 
Cost of Turbine (Sm) 0 14.3 12.8 
Other costs (Sm) 30.7 33.8 38.8 31.6 39.2 
Total capital cost (Sm) 153.4 168.9 194.1 158.2 195.8 
S year 1991 1991 1991 1991 1991 
Report Larson, 1992 Larson, 1992 Larson, 1992 Chen, 1995 Chen, 1995 
Source See note 1 See note 1 See note 1 See note 2 See note 2 
* This cost includes shift reactor, vessels, heat exchangers, pumps, filters etc. 
** This cost includes the feed compressor as well. 
*** This cost includes the PSA recycle compressor. 
For note 1 and note 2 refer to notes on table I.k 
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Chart I.p: Capital Costs of MSW-Hydrogen Plants: Variation with Plant Technology 
(1052 dt/day) 
MSW- MTCI MSW- ThS 






• Reactor, etc.* 
• S removal 
• Oxygen plant 
• Gas cooling 
• Gasifier 
• Feeding Sys. 
* This cost includes shift reactor, vessels, heat exchangers, pumps, filters etc. 
** This cost includes the feed compressor as well. 
*** This cost includes the PSA recycle compressor. 
' Other costs include utilities/auxiharies or balance of plant costs. 
f ) Other costs analysed 
This section looks at the costs of various processes which make up a hydrogen 
infrastructure, other than production costs. These include hydrogen transportation, storage, 
compression, Uquefaction and dispensing. Costs for these processes have already been 
covered in the previous sections as part of hydrogen production-delivery pathways, but here 
they will be discussed as single processes, and comparison between different technologies 
will be made where possible. 
Only a small number of studies contained detailed analysis of these technologies. In the 
case of hydrogen transportation, only pipeline and road transportation are examined here, as 
only one report had included rail and barge transportation (Amos 1998), which are less 
common than the former methods. 
1) Costs of Hydrogen Transportation 
a) Transportation via Pipeline 
Some reports have carried out detailed analysis of the costs of hydrogen transportation via 
pipeline, and how it varies with criteria such as length of pipeline, diameter of pipeline and 
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flow rate of hydrogen through the pipeline. Tables I.m and I.n show the relevant cost data 
from these reports. 
Table I.n shows the cost of hydrogen deUvered by pipeUne in $/GJ. This cost is the sum of 
the capital recovery in $/GJ and the running costs (which include O&M, labour and energy 
costs). The capital costs are the same as those in table I.m. Not all sets of figures in the 
reports mentioned are shown in tables I.m and I.n, but the range of the different factors (e.g. 
length of pipeline) in each report, is covered. 
Comparing the different reports 
Table I.m lists the capital costs of pipelines and compressors. Data for which a source is 
given (e.g. TransCanada Pipeline) is from an existing pipeline, other data are calculated 
from formulae or assumed figures based on existing pipehnes. In Ogden 1997, the cost of a 
hydrogen pipeline is calculated from the following formula: 
Cost of pipeline (in $/m) = 0.3354 xD~ + ((11.25 xD) + 2.31) 
In this equation, D is the inside diameter of the pipeline in inches. This equation is based on 
data for NG pipes and includes costs of pipes, installation, safety testing and coating. In 
Amos, 1998, some of the costs are from various companies, and some are estimated (for 
different flow rates, and pipeline lengths) using equations relating energy required for a 
specific hydrogen flow to the size of the compressor required. For these estimations it is 
assumed that the capital cost of the pipeline is $621.5/m. 
Other differences between the reports that analyse costs of hydrogen pipelines are in the 
factors they have taken into account. One report (Ogden, Dennis et al. 1995) includes 
capital investment costs, such as overheads, profit, engineering costs, taxes, etc, as well as 
pipeline construction/installation, but does not include compressor costs. In Amos 1998, the 
pipeline costs supplied by various companies, such as the TransCanadian Pipeline Ltd. 
include installation costs only, which is said to make up most of the pipeline costs. 
Another main difference between the reports is the formulae they have used to relate the 
flow rate to pipeline length, diameter, and inlet and outlet pressures. The two Ogden reports 
have used different versions of the Christodoulou equation (Christodoulou 1984), to derive 
the flow rates for a given length and diameter of pipehne, and given inlet and outlet 
pressures, deriving the diameter in a similar way. The different versions arise through 
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varying assumptions about friction factors, which depend on size of pipeline, smoothness 
of pipeline and the type of flow. 
Two other reports are included in this table, neither of which have used the Christodoulou 
equations. In one (Amos 1998) another equation, for gas flows in pipes, is used (from 
Christie J. Geankoplis, original untraceable); in this case it is the inlet pressure which is 
derived from the equation, which is the pressure required to push the gas down the pipeline. 
In the other (Thomas, James et al. 1997), the cost of hydrogen transportation is simply 
stated and the source is given as Air Products. 
With all the above differences in the assumptions and equations used in the different 
reports, it may not be possible to compare actual values of capital or per unit hydrogen 
costs, but it is possible to note some important trends, which are the same in the different 
reports. These are highlighted below. 
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D i a m e t e r 
Capita l Cost of P ipe l ine C o m p r e s s o r 
Capita l Cost 
O t h e r Capital 
Costs 
Total Capita l Cost 
$ year Repor t Source 
k m Inches $ / m $ $ $ $ $ / k m 
2.74 3 84.19 230,671 N/A 260839' 491,510 182,000 Ogden, 1995 BOC Gases 
48 N/A 310.70 14,913,600 N/A 14,913,600 310,700 Thomas, 1997 Air Products 
40,2 12 132.00* 5,306,400* N/A 5,306,400* 132,000* 1995 Amos, 1998 NYSEG^ 
46.9 3 9 . 4 * " 1000.00* 46,900,000* N/A 46,900,000* 1,000,000* 1995 Amos, 1998 TransCanada' 
78.4 39.4 237.00* 18,580,800* N/A 18,580,800* 237,000* 1995 Amos, 1998 TransCanada 
108.5 39.4 774.00* 83,979,000* N/A 83,979,000* 774,000* 1995 Amos. 1998 TransCanada 
561.0 N/A 685.00* 384,285,000* N/A 384,285,000* 685,000* 1995 Amos, 1998 TransCanada 
731.0 20 1250.00* 913,750,000* N/A 913,750,000* 1,250,000* 1995 Amos, 1998 TransCanada 
16.1 10 621.50** 10,000,000 1,083 10,001,083 621,571.31** 1995 Amos, 1998 
3Z2 10 621.50** 20,000,000 1,885 20,001,885 621,562.58** 1995 Amos, 1998 
80.5 10 621.50** 50,000,000 3,914 50,003,914 621,552.65** 1995 Amos, 1998 
160.9 10 621.50** 100,000,000 6 J 8 9 100,006,789 621,546.19** 1995 Amos, 1998 
321.8 10 621.50** 200,000,000 IU733 200,011,733 621,540.46** 1995 Amos, 1998 
804.5 10 621.50** 500,000,000 23,900 500,023,900 621,533.71** 1995 Amos, 1998 
1609.0 10 621.50** 1,000,000,000 40,240 1,000,040,240 621,529.01** 1995 Amos, 1998 
300 10.8 162.93 48,879,317 7,480,000 56,359,317 187,864 Ogden, 1997 
300 14 225.55 67,664,520 15,000,000 82,664,520 275,548 Ogden, 1997 
300 19.8 356.55 106,965,065 37,400,000 144,365,065 481,217 Ogden, 1997 
300 25.7 512.96 153,889,004 74,800,000 228,689,004 762,297 Ogden, 1997 
300 33.3 748.86 224,657,012 149,000,000 373,657,012 1,245,523 Ogden, 1997 
300 3 8 9 947.47 284,239,690 224,400,000 508,639,690 1,695,466 Ogden, 1997 
300 47.1 1276.24 382,871,914 374,100,000 756,971,914 2,523,240 Ogden, 1997 
300 61.2 1947.03 584,109,173 748,200,000 1,332,309,173 4,441,031 Ogden, 1997 
T h i s c o s t i n c l u d e s o v e r h e a d s , p r o f i t , e n g i n e e r i n g c o s t s , t a x e s , f e e s , a n d 1 0 % c o n t i n g e n c y . 
^ N Y S E G s t a n d s f o r N e w Y o r k S t a t e E l e c t r i c a n d G a s C o r p o r a t i o n . 
F u l l n a m e of c o m p a n y i s T r a n s C a n a d a P i p e l i n e L t d . 
* T h e s e v a l u e s i n c l u d e i n s t a l l e d p i p e l i n e c o s t s o n l y . 
* * T h i s v a l u e i s b a s e d o n d a t a s u p p l i e d b y t h e v a r i o u s c o m p a n i e s , a n d is u s e d in t h e c a l c u l a t i o n e x e r c i s e . 
* * * T h i s v a l u e i s o n l y a p p r o x i m a t e , s u p p l i e d b y t h e a u t h o r . 
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Table I.n: Unit Cost of Hydrogen Pipelines 
Capital 
Cost 
Per k m ' 
P ipe l ine 
L e n g t h 
Total 
Capita l Cost 
Inlet 
Pressure 
Out le t 
Pressure 
F l o w rate Pipe l ine 
D i a m e t e r 
Capita l 
Recovery 
N o r m a l i z e d 
Capital 
Recovery 
O & M / 
L a b o u r 








$ /km K m $ Psi Psi t/d Inches $ /GJ $ /GJ $ /GJ $ /GJ $ /GJ $ /GJ 
182,000 3 546,000 500 200 60.0 3 0.03 0.03 0.02 0.05 0.05 Ogclcn, 1995 
182,000 3 546,000 100 50 9.8 3 0.18 0.18 0.12 0.30 0.30 Ogden, 1995 
182,000 10 1,820,000 500 200 31.2 3 0.19 0.19 0.12 0.31 0.31 Ogden, 1995 
182,000 10 1,820,000 100 50 5.1 3 1.14 1.14 0.76 1.89 1.89 Ogden, 1995 
182.000 30 5,460,000 500 200 17.2 3 1.01 1.01 0.67 1.69 1.69 Ogden, 1995 
182,000 30 5,460,000 100 50 2.8 3 6.20 6.20 4.13 10.33 10.33 Ogden, 1995 
182,000 100 18,200,000 500 200 8.9 3 6.49 6.49 4.33 10.82 10.82 Ogden, 1995 
182,000 100 18,200,000 200 100 3.1 3 18.71 18.71 12.47 31.18 31.18 Ogden, 1995 
N/A 48 N/A N/A N/A N/A N/A N/A N/A N/A N/A 2.5 Thomas, 1997 
N/A 48 N/A N/A N/A N/A N/A N/A N/A N/A N/A 2.92 Thomas, 1997 
621571 16.1 10001083 290.4 290.1 10.9 10 0 84** Z92 3.17* 0.000 4.01 6.09 Amos, 1998 
621553 80.5 50003914 291.8 290.1 10.9 10 4.20** 14.60 3.17* 0.000 7.37 17.77 Amos, 1998 
621546 160.9 100,006,789 293.7 290.1 10.9 10 8.41** 29.20 3.17* 0.000 11.58 32.37 Amo.s, 1998 
621540 321.8 200,011,733 297.2 290.1 10.9 10 16.82** 58.40 3.17* 0.000 19.99 61.57 Amos, 1998 
621534 804.5 500,023,900 307.5 290.1 10.9 10 42.04** 146.00 3.17* 0.000 45.21 149.17 Amos, 1998 
621529 1609.0 1,000.040,240 324.0 290.1 10.9 10 84.07** 292.00 3.17* 0.000 87.24 295.17 Amo.s, 1998 
621504 160.9 100,000,000 290.1 290.1 0.08 10 1059.29** 3679.04 3.17* 0.000 
1062.4 
6 3682.21 Amos, 1998 
621546 160.9 100,006,789 293.7 290.1 10.9 10 8.41** 29.20 3.17* 0.000 11.58 32.37 Amos, 1998 
628402 160.9 101,109,846 540.7 290.1 108.9 10 0.85** 2.95 3.17* 0.002 4.02 6.12 Amos, 1998 
831671 160.9 133,815.859 4572.7 290.1 1,089.2 10 0.11** 0.39 3.17* 0.008 3.29 3.57 Amos, 1998 
187,931 300 56,379,300 1000 200 324.8 10.80 0.55 0.55 0.11 0.342 1.00 1.00 Ogden, 1997 
481,217 300 144,365,065 1000 200 1,624 19.8 0.28 0.28 0.06 0.342 0.68 0.68 Ogden, 1997 
1,245.523 300 373,657,012 1000 200 6.496 33.3 0.18 0.18 0.04 0.342 0.56 0.56 Ogden, 1997 
2,523.240 300 756,971,914 1000 200 16,240 47.1 0.15 0.15 0.03 0.342 0.52 0.52 Ogden, 1997 
" W h e r e e n e r g y c o s t s a r e n o t s h o w n , t h e y c o u l d b e i n c l u d e d in t h e O & M c o s t s . 
* T h i s i s l a b o u r c o s t - al l o t h e r f i g u r e s in t h i s c o l u m n a r e O & M c o s t s 
* * I n t h i s c a s e , it h a s b e e n a s s u m e d t h a t t h e c a p i t a l c o s t is e v e n l y d i s t r i b u t e d o v e r t h e 2 2 y e a r l i f e t i m e o f t h e e q u i p m e n t 
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Comparison between the reports is aided in some way by 'normahsing' the capital 
recovery. The normaUsed figures use the same capacity factor and capital recovery factor as 
Ogden 1995 (as a large number of the data in table I.n are from this report): a capacity 
factor of 100% and capital recovery factor of 15%. 
Trends 
The following trends can be observed from the figures in table I.m, and figures I.q and I.r 
about the capital cost of hydrogen pipelines: 
> As expected, unit capital cost of a hydrogen pipeline (in $/m) increases with the 
diameter of the pipeline- this is shown in figure I.q. This chart also shows that for 
different lengths of pipeline, even if the diameters are similar, the unit capital cost can 
be different. 
> In the analyses in several reports (Amos, 1998, Ogden 1997 and Ogden 1995), it is 
assumed that the total capital cost of pipeline changes linearly with length of pipeline-
for a fixed pipe diameter. One report (Ogden, Dennis et al. 1995) suggests that this is 
a conservative assumption, implying that labour, compressor and other costs will 
increase more than linearly with length of pipeline (the location and terrain over 
which the pipeline is to be laid is a major determining factor). 
> With the exception of one report (Ogden, Dennis et al. 1995), all others have only 
included the pipeline construction and in some cases compressor costs in the capital 
costs. This could be the reason behind the higher relative value of the Ogden, 1995 
data shown in figure I.q. 
> Cost data for some existing pipelines in Amos 1998 show that unit capital costs do 
not necessarily vary linearly with length of pipeline, as shown in figure I.r. The 
diameters of these pipelines are stated to be the same by the supplier (TransCanada 
Pipehne Ltd.) 
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The figures in table I.n are from four reports- three of which have carried out analyses on 
criteria that affect the cost of hydrogen transportation by pipeline. The three main criteria 
are pipeline length, pipeline diameter, and flow rate of hydrogen through the pipeline. As 
there are only three reports that were found to analyse these factors, it is rare to find two 
matching series of analyses for comparison. One report (Amos 1998) shows that the cost of 
hydrogen transportation by pipeline increases linearly with length, for a constant diameter 
and flow rate (as shown in figure I.s). The same report, (as well as another one (Ogden, 
Dennis et al. 1995; Amos 1998)) shows that the cost of hydrogen transportation by pipeline 
decreases with increasing flow rate for a pipeline of a certain diameter and length. By 
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manipulating data from another report (Ogden 1997), (i.e. keeping the flow rate fixed) it 
can be shown how the cost of hydrogen transportation increases as the pipehne diameter 
increases. 
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The following trends about the cost of hydrogen transported by pipeline, can be observed 
from cost data in table I.n: 
> Hydrogen pipehne transportation cost (in $/GJ) increases hneaiiy with length of 
pipeline (this is, assuming that the capital cost increases hneaiiy with length of 
pipeline.) 
> Pipeline transportation cost decreases rapidly with flow rate of hydrogen through the 
pipeline. It is very high for flow rates of less than 2.8t/d (1 M scf/day), and is 
significantly reduced for flow rates in the order of 280 t/d (100 M scf/day) and above. 
> Pipeline transport costs increase with pipehne diameter, and the increase becomes 
more significant for diameters above 40 inches. This can be seen in figure I.q, the data 
for which are a manipulation of those in Ogden 1997. 
> Energy costs are highest for higher flow rates, as larger and more powerful 
compressors are required. 
Although table I.n shows that the cost of hydrogen delivered by pipeline can be as high as 
$3682/GJ, once the values for the very low flow rates (less than 2.8 t/d) are excluded, for 
pipelines smaller than around 300 km, the cost of hydrogen transportation is no more than 
$61.57/GJ ($8.7/kg). Even for pipelines as long as 1,609 km, table I.n gives a cost of 
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$295/GJ ($41.9/kg), which is far from the highest value in this table. From this it can be 
concluded that pipeline transportation is not suitable for low flow rates, and hence low 
production levels. 
b) Hydrogen transportation by road 
Several reports include costs of hydrogen transportation by road, as part of a hydrogen 
production delivery pathway. These reports have considered liquid hydrogen transportation 
by truck, and tend to use a unit cost value (usually in $/GJ of hydrogen transported) from 
another source; in most of them little detail is given about the constituents of this unit cost 
and how it has been arrived at. Two reports, out of those reviewed have looked at hydrogen 
transportation in more detail ((Berry 1996) and (Amos 1998)): these examine the 
transportation of hydrogen by road (by truck or tube trailer) in various states (liquid, 
compressed gas, glass microspheres and as a metal hydride). 
There are three factors that affect the cost of hydrogen transportation by road: the type of 
transportation, which is mainly dependant on the state of the hydrogen (compressed, 
liquefied, etc.), distance to be transported (or delivery distance), and rate at which the 
hydrogen needs to be transported, which is dependent on the demand for hydrogen at the 
point of use. 
The costs of hydrogen transportation by road can be divided into four parts: 
• Capital cost of the vehicle 
• O&M costs of the vehicle 
• Driver cost 
• Fuel cost 
The capital cost depends on the number of vehicles required, which is estimated from the 
capacity of the vehicles, the flow rate of the hydrogen, and availability of trucks. The total 
capital cost is multiplied by the capital recovery factor usually to obtain an annual cost (in 
the case of Amos 1998, a simple division by the lifetime of equipment is used). Driver 
costs are estimated from the hourly wage, and the number of driving hours required. Fuel 
costs are estimated from the fuel use of the vehicle and cost of fuel (usually diesel). 
Table I.o lists the costs of hydrogen transportation by truck or tube trailer, for the different 
states of hydrogen, delivery distances, and rate of hydrogen transportation (or flow rate). 
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t/d Km kg/trucl( $/GJ $/GJ $/GJ $/GJ $/GJ $/GJ $/G.J 
26.70 Liquid 800.00 1 N/A N/A N/A N/A 4.59 N/A 
Thomas, 
1997 Praxair 
54.40 Liquid 800.00 1 N/A N/A N/A N/A 4.59 N/A 
Thomas, 
1997 HOC 
267.00 Liquid 800.00 1 N/A N/A N/A N/A 4.59 N/A 
Thomas, 
1997 Praxair 
300.00 Liquid 80.50 N/A N/A N/A N/A N/A N/A N/A 1.25 N/A ADL,2002 
2.00* Liquid 402.60 3500.00 1 1.40 1.40 0.50 1.70 0.20 3jW 3 8 0 Berry, 1996 
2.00* compressed 402.60 ? 1 5.10 5.10 0,60 2.30 0.25 8^5 8.25 Berry, 1996 
2.00* Mg hydride 402.60 ? 1 6.50 6.50 1.00 4.00 1.20 12.70 12.70 Berry, 1996 
2.00* 
Glass 
microsphere 402.60 ? 1 1.10 1.10 1.00 4.50 0.60 7.20 7.20 Berry, 1996 
1.08 liquid*** 16.00 4082.00 1 2.00 2 6 3 N/A 0.17 0.00 2.17 2.79 Amos, 1998' 
1.08 liquid*** 80.00 4082.00 1 2.00 2^3 N/A 0.25 0.00 2.25 2^8 Amos, 1998' 
1.08 liquid*** 322.00 4082.00 1 2.00 2.63 N/A 0.58 0.17 2.75 3 J 8 Amos, 1998' 
1.08 liquid*** 1609.00 4082.00 1 2.00 2^3 N/A 2.50 0.67 5.17 5.80 Amos, 1998' 
0.12 liquid*** 322.00 4082.00 1 19.93 2&27 N/A 13.18 0.17 33.28 39.61 Amos, 1998' 
1.08 liquid*** 322.00 4082,00 1 2.00 2^3 N/A 0.58 0.17 2.75 3 3 8 Amos, 1998' 
10.90 liquid*** 322.00 4082.00 2 0.42 0.53 N/A 0.58 0.17 1.17 1.28 Amos, 1998' 
108.86 liquid*** 322.00 4082.00 12 0.25 0.32 N/A 0.58 0.17 1.00 1.07 Amos, 1998' 
108.86 compressed 322.00 181.00 250 2.67 3^8 N/A 13.18 3.09 18.93 19.55 Amos, 1998' 
108.86 
Metal 
hydride 322.00 454.00 100 4.34 6.04 N/A 5.25 1.25 10.84 12.55 
Amos, 1998' 
* These are estimations, assuming 350 op. days per year. 
** This is the distance between production plant and refuell ing station. 
*** In this case a boil-off rate of 0 .3% has been considered. 
'The Amos report has also included load/unload t imes into its estimations. 
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Reports that have given one overall unit cost (in $/GJ) have also been included in the table, 
for comparison. Costs were normalised using criteria in the Berry 1996 report (discount rate 
of 20%, lifetime of 10 years); some values could not be normalised as not enough 
information was made available in the respective reports. 
Trends 
From table I.o and figures I.t and I.u the following can be observed: 
> The unit cost (in $/GJ) of hydrogen transportation by road differs greatly depending 
on what state the hydrogen is in. 
> Liquid hydrogen is by far the cheapest option, particularly for higher flow rates. 
Compressed hydrogen is more expensive than metal hydride to transport (by road) for 
high flow rates (e.g. 109 t/d), and less expensive for low flow rates (e.g. 2 t/d). 
> In the case of metal hydride, the unit vehicle costs are higher than for compressed 
hydrogen, which in turn is higher than that for liquid hydrogen. 
> Unit costs of road transportation do not change much with distance (for the same flow 
rate). As can be seen from figure I.t, for every 1000km increase in delivery distance, 
the unit cost of liquid hydrogen transportation only increases by $1.9/GJ. This 
increase is in the cost of driver and fuel. 
As can be seen from figure I.u, liquid hydrogen transportation by road is significantly 
higher for flow rates lower than 1 t/d. The increase in cost is in both vehicle and driver 
costs. For flow rates higher than 1 t/d, this unit cost decreases very slightly (with flow rate), 
if at all. 
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2) Storage costs 
The hydrogen storage technologies whose costs have been examined consist of mainly 
compressed hydrogen storage, and liquid hydrogen storage. Only two reports, amongst the 
ones reviewed also included analysis of underground hydrogen storage, and metal hydride 
storage ((Amos 1998) and (Berry 1996)). 
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Depending on what type of storage is used, different pieces of equipment and processes are 
required, and so cost components can vary. The cost components are as follows for the 
different storage options: 
Compressed hydrogen.-. capital cost of compressor and tank, compressor 
power cost, and cooling cost. 
Liquefied hydrogen: capital cost of liquefier and dewar, liquefier power 
cost, and coohng cost. 
Metal hydride: capital cost of hydride, cooling cost and heating cost. 
Underground storage: capital cost of compressor and cavern, compressor 
power cost and cooling cost. 
Hydrogen storage costs depend positively on two main factors, the flow rate required, and 
the number of days of storage required. 
The following trends were observed from the cost data in the reports examined: 
> For both compressed and liquid hydrogen cost of storage per unit of hydrogen go 
down with increasing compressor and liquefier power. 
> In the case of compressed hydrogen, the storage tank makes up the majority of the 
cost, except where very small compressors are used, then the cost of the latter takes 
over. 
> The unit cost of storage tank for both compressed hydrogen and liquid hydrogen 
increases with increasing time of storage; however, in the case of compressed 
hydrogen, it makes up a larger percentage of overall costs. 
> In the case of liquid hydrogen, the capital cost of liquefier makes up the majority of 
the unit cost of hydrogen storage, except in the case of high flow rates, where 
electricity costs take over. 
> The unit cost of metal hydride storage is almost entirely made up of the cost of the 
metal hydride. 
> The unit cost of underground hydrogen storage is mostly made up of the compressor 
cost and the cost of the electricity used to run it. The cost of the cavern is relatively 
small, but increases with storage days. 
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> Unit costs of metal hydride storage change little with increasing hydrogen flow rates. 
They do, however, increase with storage days, as this affects the quantity of metal 
hydride required per kg of hydrogen output. 
The Amos report (Amos 1998) was the only one (out of those reviewed) that contained 
analysis of the costs of hydrogen storage as a metal hydride, and underground storage of 
hydrogen. In the latter report, the cost of the cavern and metal hydride were estimated by 
using the average of costs obtained from other sources (mostly other publications). The 
report does not specify what kind of metal hydride the costs correspond to. 
Comparing Dijferent Types of Hydrogen Storage 
Amos 1998 is the only report, out of those reviewed, which has made detailed comparisons 
between the four types of hydrogen storage options mentioned above. In figures I.v and I.w, 
which show data from this report, unit costs for the different types of storage are shown. In 
figure I.v unit costs for two different hydrogen flow rates (or production rates) are shown, 
while figure I.w shows unit costs for two different numbers of storage days. The following 
can be observed from these charts: 
> In all cases underground hydrogen storage is the cheapest option, followed by 
compressed hydrogen. 
> Liquid hydrogen storage and metal hydride storage options are the most expensive. 
Depending on number of storage days and hydrogen flow rates, one becomes less 
favourable than the other. 
> For low flow rates metal hydride storage is a better option than Uquid hydrogen, and 
for a high number of storage days the reverse is true. 
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Figure Lv: Unit Cost of Hydrogen Storage: Variation with Type of Storage and Flow Rate 
(for 1 day of storage) 
3 
2 . 5 
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a 3 8 1 0 t/y" 
D 3 8 1 t /y-
T y p e of S t o r a g e 
* Hydrogen f low rates 
Source; Amos 1998 
Figure I.w: Unit Cost of Hydrogen Storage: Variation with Type of Storage and Length of 
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3) Compression 
The costs of hydrogen compression are made up of the capital cost of the compressor and 
the cost of the electricity for its operation. Overall the cost of hydrogen compression 
depends on flow rate and the increase in the pressure required. The cost of the electricity is 
comparable to, and can be higher than the capital cost component of the compressor, 
particularly for higher flow rates. From the flow rate and pressure increase, the power 
requirement of the compressor can be calculated (Amos 1998). 
428 
Table l.p: Capital Costs of Compressors 
Size Single/ Multi stage 
Pressure 
Increase Flow rate Capital Cost 
Unit Capital 
Cost Report $year Source 
kW kg/d $ $/kW 
10 N/A 6600 Amos, 1998 1995 
25 Single up 3000 to 3600 psig 6,451 100,000 4000 Ogden, 1995 RIX Industries 
57 Multi up 200 to 2000 psig 1,024 147,000 2579 Ogden, 1995 RIX Industries 
75 180,000 2400 Amos, 1998 1995 
75 Multi up 200 to 3600 psig 1,024 160,000 2133 Ogden, 1995 RIX Industries 
75 Single up 3000 to 5000 psig 6 , 4 ^ 120,000 1600 Ogden, 1995 RIX Industries 
98 multi up 200 to 8400 psi 850 190,000 1939 Berry, 1996* 1996 
98 Multi up 200 to 8400 psi 1,024 190,000 1939 Ogden, 1995 RIX Industries 
152 Single up 3000 to 8000 psig 6,451 140,000 921 Ogden, 1995 RIX Industries 
250 N/A 660- 990 Amos, 1998 1995 
276 Single up 1000 to 5000 psig 6,451 200,000 725 Ogden, 1995 RIX Industries 
752 1,686,000 2242 Thomas, 1997 1995 Air Products 
2,654 5,950,000 2242 Thomas, 1997 1995 Air Products 
2,700 2,330,000 863 Amos, 1998 1995 
3,236 7,199,000 2225 Thomas, 1997 1995 Air Products 
3,700 2,440,000 650 Amos, 1998 1995 
4,500 3,160,000 702 Amos, 1998 1995 
8 j a 3 17,451,000 2062 Thomas, 1997 1995 Air Products 
28,300 20,000,000 702 Amos, 1998 1995 
TransCanada 
Pipeline Ltd. 
32,119 71,994,000 2241 Thomas, 1997 1995 Air Products 
84,626 161,230,000 1905 Thomas, 1997 1995 Air Products 
*This cost has been taken f rom Ogden 1995. 
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Although there are different technologies used for hydrogen compression (reciprocating, 
centrifugal, etc.), often the type of compressor is not specified in the publications. As 
reciprocating compressors are most commonly used for hydrogen compression ((Amos 
1998) it could be assumed that most of the compressors in the reports reviewed aie of this 
type. Compressors can also be single stage or multi stage (this information is also not 
always given). The power requirement of the compressors also varies with compressor 
type. Table I.p lists the capital costs for hydrogen compressors, in the order of power 
output. In some cases the hydrogen flow rate and pressure change are also given; these are 
related to the power required, which has to be equal to or lower than the nominal power 
output of the compressor. 
Trends 
Figure I.x, shows how the unit capital cost of compressors vary with their power output. 
From table I.p and figure I.x, the following can be observed: 
> Unit capital cost of compressors decrease with increasing power output. 
> Unit capital costs almost level off for compressors larger than 100 kW. 
> Single-stage compressors are less expensive than multi-stage ones (of the same power 
output). 
Figure I.x: Unit Capital Cost of Hydrogen Compressors: Variation with Compression 
Power 
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It is also notable from figure I.x that the unit capital costs for compressors in Thomas 1997 
are about $1000/kW higher than those in the other two reports. This could be due to the 
costs being for different types of compressors (the types of compressors are not specified). 
The choice between compressors is not only based on their relative capital costs, but their 
energy efficiency, and hence running costs. 
4} Liquefaction 
The cost of liquefaction, like compression, is made up of the capital cost of the liquefier 
and the electricity used for the process. Data from one original key report (Thomas, James 
et al. 1997)show that the cost of electricity for LH2 storage becomes more significant with 
size of storage (and hence size of liquefier), and for liquefiers larger than around 15,000 
kW (24t/d) the cost of electricity becomes more significant than the capital cost of storage 
(this is similar to findings stated in (Syed, Sherif et al. 1998). 
There are several different Uquefaction processes. Most of the reports have not specified the 
type of process used in the analyses. Amos 1998 states that, the simplest liquefaction 
process is the Linde process and that other processes are less energy intensive but have 
higher capital costs. It does not specify what the Linde process is. 
Trends 
Table I.q and figure I.y show how capital costs of liquefiers change with their size, which is 
specified in terms of the hydrogen flow rate through them as well as power capacity. The 
following can be observed from these data: 
> The unit cost of liquefiers falls significantly as their size increases. 
> The fall in unit cost is particularly notable for flow rates below 1000 kg/h. 
> When comparing costs in $/kW in table I.x and I.y, it can be seen that for around the 
same power outputs, liquefiers are generally much more expensive than compressors, 
but costs start to get closer for larger sizes, particularly for sizes above 18 MW. 
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Table I.y: Capital Costs of Liquefiers 




Report $year Source 
kg/h kW $ $/kg/h $/kW 
125 1,482 8,455,000 5,705 Thomas, 1997 1995 Air Products 
170 2,040** 20,000,000 118,000* 9^W4 Amos, 1998 1995 
380 4,560** N/A 31,750* 2,646 Amos, 1998 1995 
1,250 14,822 30,000,000 24,000 2,024 Thomas, 1997 1995 Air Products 
1,500 18,000** 38,800,000 25,600* 2J56 Amos, 1998 1995 
1,500 18,096 33,164,000 22,109 1,833 Thomas, 1997 1995 Air Products 
9,875 118,500** 140,000,000 14,177 1,181 Berry, 1996 1996 
15,000 180,963 117,671,000 7,845 650 Thomas, 1997 1995 Air Products 
* These unit costs were given in the particular report, the others were derived by dividing total capital cost by 
size (or flow rate). 
** These values have been estimated by assuming a power (in kW) to output (in kg/h) ratio of 12, the average 
of that in the Thomas report. 
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5) Storage tanks 
There are two main types of hydrogen storage tanks: a compressed hydrogen pressure 
vessel (which is also used for metal hydride storage); and a liquid hydrogen vessel or 
dewar. Their capital costs depend on size, and in the case of compressed hydrogen, 
maximum storage pressure as well, as table I.r suggests. Compressed hydrogen tanks are 
either spherical or cylindrical, and have a wide range of pressure ratings. Liquid hydrogen 
tanks or dewars are low pressure, but require good insulation in order to prevent boil-off. 
There is less boil-off with larger tanks because of the lower surface area to volume ratio. 




Table I.r and figures I.z and I.aa, show how unit capital costs of storage tanks change with 
their size, which is specified in terms of the weight of hydrogen stored (in the case of 
compressed hydrogen storage vessels, these are given for hydrogen at maximum storage 
pressure). The following can be observed: 
> For compressed hydrogen storage vessels the relationship between unit cost and size 
of tank is not clear, as the cost is also affected by the storage pressure (see figure Iz) 
> The unit capital costs of liquid hydrogen storage tanks fall significantly with their 
increase in size (see figure I.aa). 
> For liquid hydrogen dewars, the fall in unit capital cost is more significant for tanks 
storing less than around 100,000 kg of hydrogen. 
> Costs for liquid hydrogen dewars storing less than 270 kg were not covered in any of 
the reports, but for those storing the same or more than this quantity, unit capital costs 
are lower than those of compressed hydrogen storage tanks, and get much lower with 
increasing size. 
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Table I.r: Capital Costs of Hydrogen Storage Tanks 










Report $year Source 




571.4 16,8 10,500 624 Ogden 1995 1994 
Christy Park 
Industries 
333.3 20.49 10,500 512 Ogden 1995 1994 
Christy Park 
Industries 
401.4 24.57 10,500 427 Ogden 1995 1994 
Christy Park 
Industries 
2W.9 27.55 10,500 381 Ogden 1995 1994 
Christy Park 
Industries 
1,350 1,047 776 Thomas 1997 1996 Air Products 
250 180,000 720 Amos 1998 1995 
1,087 777,000 715 Thomas 1997 1996 Air Products 
1,240 840,000 680 Amos 1998 1995 
1,631 1,166,000 715 Thomas 1997 1996 Air Products 
16.308 11,657,000 715 Thomas 1997 1996 Air Products 
163,080 116,572,000 715 Thomas 1997 1996 Air Products 
Liquid Hydrogen 
Dewar 
270 120,000 450 Amos 1998 1995 
436* 92,000 211 Ogden 1995 1994 BOC 
911* 99,000 109 Ogden 1995 1994 BOC 
1,584* 119,000 75 Ogden 1995 1994 BOC 
:%375* 139,000 59 Ogden 1995 1994 BOC 
3^59* 180.000 45 Ogden 1995 1994 BOC 
135,900 1,733,000 13 Thomas 1997 1996 Air Products 
300,000 5,400,000 18 Amos 1998 1995 
1359000 17,333,000 13 Thomas 1997 1996 Air Products 
**These values have been derived by assuming 26.7 gallons (US) are equal to 1 GJ of hydrogen ( l k g = 0.1419 
GJ H H V ) 
** M a x P denotes max imum pressure. 
434 
Figure I.z: Unit Capital Cost of Compressed Hydrogen Storage Vessels: Variation with 
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6) Dispensing costs 
Some reports have included dispensing costs as part of refuelling station costs. This has 
usually been done when analysing hydrogen delivery pathways, consisting of centralised 
hydrogen production, followed by hydrogen transportation to a local refuelling station. The 
costs of these small local refuelling stations have been analysed in section a, and so will not 
be examined further here, but some of the data in that section (in table Lb ) on hydrogen 
dispensing equipment are also included in this section. 
Hydrogen used as a transport fuel needs to be delivered in liquid or gaseous form, 
depending on the vehicles' requirements, therefore there is a need for both gaseous and 
liquid hydrogen dispensers. Furthermore, the hydrogen may arrive at the station in one 
form and may be required in a different form. So the following scenarios and associated 
equipment are possible: 
Gas to gas-. gas dispenser (and in some cases booster compressor) 
Liquid to gas: pump, vaporiser and gas dispenser 
Gas to liquid'. liquefier, pump, and liquid dispenser 
Liquid to liquid: pump and liquid dispenser 
Most of the reports reviewed give costs of hydrogen delivered as a gas and dispensed as a 
gas, but there are also a few reports that cover liquid to gas. Non of the reports include gas 
to liquid (as this would require small scale liquefaction and would be far too expensive), 
and only one report includes liquid to liquid costs (Schoenung 2001). In the latter report the 
cost of a hquid hydrogen dispenser is given to be $100,000; two of which are said to be 
required for a 0.4 t/d refuelling station. Table I.s and I.t show the costs for the gas to gas 
and liquid to gas options. 
As shown in table I.s, for stations where a cascade mechanism for dispensing is used, 
booster compressors are not necessary. For cascade refuelhng, although there are no 
booster compressors to increase the pressure to that required on-board the vehicle, the 
pressure under which the hydrogen is stored at the refuelling point is much higher. In one 
report the costs for the booster and cascade methods are shown to be very close, with the 
former being about 1% more expensive (Ogden, Dennis et al. 1995). Panel and sequencer 
costs are only given in the Ogden report, and are only required for cascade refuelling. 
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The number of bays corresponds to the number of dispensers (one per bay), but not 
necessarily to the number of pumps and vaporisers. 
Trends 
The following can be observed from the data in tables I.s and I.t: 
> Costs of the gas and liquid hydrogen dispensers are modular in most cases, i.e. they 
increase linearly with the number of dispensers used. 
> In the case of the gaseous hydrogen dispensers, the unit cost is $25,000 in most cases. 
> In the case of pumps and vaporisers, the unit cost is only given in one report (Ogden, 
Dennis et al. 1995), most of the other costs are also multiples of this unit cost: 
$36,000. (In the Ogden report the cost of the pump is said to be $30,000, and the cost 
of the vaporizer $6,000). 
> Although more information is required regarding the size/capacities of the dispensers, 
pumps and vaporizers, the cost data in the reports reviewed are those corresponding to 
multiples of one size of each of these equipment. 
> Liquid-to-gas dispensing is generally around twice as expensive as gas-to-gas because 
of the additional cost of the pumps and vaporisers. However, where the cost of a 
compressor is included in gas-to-gas dispensing it can be far more expensive than 
liquid-to-gas. The cost of the compressor is particularly significant in the case of 
larger stations with high flow rates (>4 t/d). 
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Cost of each 
Dispenser Report $year Source 
t/d kW $ $ $ $ 
0.03 1 30,000* 30,000 Berry, 1996 1996 
0.18 2 50,000* 25,000 Berry, 1996 1996 
0.28 2 10,500 50,000 25,000 Ogden 1995 1994 
0.90 4 100,000* 25,000 Berry, 1996 1996 
1.04 4 228 200,000 100,000 25,000 Ogden 1995 1994 
2.80 11 10,500 275,000 25,000 Ogden 1995 1994 
4,00 4 797 1,786,000 100,000 25,000 Thomas 1997 1995 
Air 
Products 
39,50 40 17,451,000 1,000,000 25,000 Thomas 1997 1995 
Air 
Products 
395.20 400 84,596 161,230,000 10,000,000 25,000 Thomas 1997 1995 
Air 
Products 
* For these figures, it is stated that the dispenser delivers at a rate of I kg/min. 













Cost of each 
Dispenser 




Report $year Source 
t/d $ $ $ $ 
0,03 I 36,000 30,000 30,000 Berry, 1996 1996 
0 2 8 1 1 36,000** 50,000 50,000' 36,000 Ogden 1995 1994 BOG 
1.04 4 3 108,000 100,000 25,000 36,000 Ogden, 1995 1994 BOG 
1.00* 2 36,000 50,000** 25,000 Berry, 1996 1996 
2.00* 4 72,000 100,000** 25,000 Berry, 1996 1996 
2^0 10 8 288,000 250,000 25,000 36,mm Ogden, 1995 1994 BOG 
5.60 20 15 540,000 500,000 25,000 36,000 Ogden, 1995 1994 BOG 
32.7 40 1,770,000*** 1,000,000 25,000 Thomas 1997 1995 Air Products 
326.6 400 17.700,000*** 10,000,000 25,000 Thomas 1997 1995 Air Products 
*These are not the flow rates for the refuell ing station, but the max. f low rates corresponding to the pumps and vaporizers. 
** These are the only cases for which sizes/capacities for pumps and vaporizer (201itres/min = 1.4 kg/min.) and dispensers (1 kg/min) are given. 
*** These values also include storage costs. 'This value is likely to be a misprint. 
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Appendix 1(b): Conclusions from Key Reports in the Literature Review 
This appendix includes a summary of the main conclusions reached by all the reports 
analysed in the Uterature review. It was considered appropriated to divide these conclusions 
into three categories (see section 2.7, chapter 2); those concerning: 
a) analysis and comparison of equipment costs: hydrogen production equipment, 
hydrogen storage equipment, transportation equipment etc., 
b) analysis and comparison of different hydrogen supply pathways/scenarios and their 
costs in a particular location, 
c) analysis of market development strategies (for hydrogen vehicles) and 
competitiveness with petrol and diesel. 
Some conclusions fell outside the above three categories; these have been hsted under d) 
Other conclusions. Certain conclusions are common to several reports, but some are 
particular to only one report; in the case of the latter, the relevant report's reference is 
given. 
a) Conclusions Reached about Hydrogen Infrastructure Equipment Costs 
Although the analyses in this category aimed to compare generic costs of producing and 
delivering hydrogen, they had to use several location-specific values for certain criteria, 
such as labour and transport costs (even capital costs of equipment vary from country to 
country). However, as most of the reports are U.S. based, it is possible to make 
comparisons between their conclusions. 
Hydrogen Production Process Costs: Trends within Technologies 
1. The larger the hydrogen production facility, whether SMRs, electrolyser units, or 
gasifiers, the lower the unit cost of hydrogen production. 
2. Technological developments can potentially lower the capital cost of equipment 
significantly, e.g. for small SMRs prices can be more than halved (see section 5.2.2). 
3. Increasing production quantities can also notably reduce capital costs of equipment. 
4. Electricity costs are a major contributor to unit cost of hydrogen from electrolysis: 
>35% for electrolysers >0.1 t/d. The larger the electrolyser the bigger the contribution 
(Ivy 2004) from electricity costs. 
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5. In the case of hydrogen production from MSW, larger plants have lower unit 
production costs, but above a certain size (around 3000 tons/day) plants become too 
large for existing waste handhng infrastructure (Chen 1995). 
6. Hydrogen production costs from biomass gasification systems depend mainly on the 
technology/type of gasifier. The cost of hydrogen produced is also quite sensitive to 
feedstock cost. 
7. Unit hydrogen production costs also decrease for PV-hydrogen systems, but only up 
to 2MW, after that there is very little economy of scale. 
Hydrogen Production Process Costs: Comparison of Technologies 
8. There are no clear winners, in terms of technologies, for hydrogen production from 
natural gas (i.e. SMR, POX, and ATR), for a demand range of 0.28 to 5.6 t/d of 
hydrogen. SMR is the most commercialised (at the time of writing), but it is likely 
that the other two technologies will eventually become comparatively cheaper as they 
are further developed (Ogden, Dennis et al. 1995). 
9. The most cost-effective option for obtaining hydrogen from methane was found to be 
SMR. ATR was found to have a lower capital cost but the unit cost of hydrogen 
produced becomes more expensive as it has a lower efficiency than SMR (Myers, 
Ariff et al. 2002). 
10. In general, there are more cost certainties for processes for hydrogen production from 
NG, than from electrolysis, but there is more potential for future cost reduction for the 
latter (Berry 1996). 
11. PEM electrolysers cost more than alkaline ones at present as they are produced in 
smaller numbers. They are more efficient but there is still httle experience with them 
(H-SAPs 2001). 
12. Unit capital costs of alkaline electrolysers are higher than those of steam electrolysers, 
which are higher than those of PEM electrolysers (Berry 1996). 
13. For most of the gasification/pyrolysis technologies, hydrogen production from MSW 
is more expensive than from biomass. This is due to the higher feed-processing costs 
of MSW. The situation will change, however, as tipping costs for MSW are likely to 
increase in the future (Chen 1995). 
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14. Hydrogen production from biomass is less costly than that from coal gasification, and 
is significantly cheaper than hydrogen from wind or PV. Some hydrogen from 
biomass processes can also compete with hydrogen from SMR. 
15. Hydrogen produced from wind energy will only become competitive with hydrogen 
produced from SMR, if the wind power costs much less than grid-electricity (Dutton, 
Bleijis et al. 2000). 
16. Assuming even the most favourable criteria for photovoltaic energy in terms of 
technical development and economies of scale, it is not likely that PV hydrogen will 
be competitive with hydrogen from conventional sources in the foreseeable future 
(Cuoco, Sgalambro et al. 1995). 
Hydrogen Transportation Costs 
17. The main factors affecting the cost of hydrogen transportation are quantity of 
hydrogen transported (or flow rate) and distance to be transported. 
18. The choice of hydrogen transportation depends on local factors such as pipeline 
installation and haulage costs. In general, however, for small quantities of hydrogen 
truck delivery (in a liquid state) is less costly than pipeline transmission, particularly 
if it is over long distances. Truck-delivered liquid hydrogen also allows for more 
flexibility and range. 
19. Pipeline transportation becomes more feasible for a high (>5.6 t/d) and concentrated 
demand, where a large distribution network is not necessary. 
20. While installed capital cost for a hydrogen pipeline is around 50% more costly than 
that for natural gas, the levehsed cost of pipeline transmission for hydrogen ($/GJ) is 
about two times higher than that for NG (Ogden 1997). 
21. Capital costs of various road transport vehicles for hydrogen vary considerably for the 
same volume of hydrogen: metal hydride tube trailers are the most expensive, 
followed by tube trailers, which are half the price, followed by liquid hydrogen 
tankers which are less than a quarter of the price of the former. (Amos 1998). 
22. As demand for hydrogen grows, a mixture of the 3 delivery options is likely to result. 
At first tube trailers could supply smaller refuelling stations close by, then LHz 
tankers could take larger quantities further away, and finally a few strategically placed 
hydrogen pipelines could connect the large production plants to selected distribution 
points (Simbeck and Chang 2002). 
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23. Labour costs make up the biggest percentage of total installation costs (40-50%)of a 
pipeline; they are followed by material costs (20-30%), miscellaneous costs (20-30%) 
and rights-of-way (5-10%) (Parker 2004). Rights-of-way costs are higher for urban 
areas but very rarely go above 25%. 
24. Much of the costs associated with pipehne installation is associated with acquiring 
rights-of-way (Simbeck and Chang 2002). 
On-site Hydrogen Storage Costs 
25. The choice of storage will depend on quantity of hydrogen required, and time of 
storage, as well as cost of electricity. However, underground storage is the cheapest in 
all cases and compressed gas is the best choice for small quantities (<1300 kg) of 
hydrogen. (Amos 1998) 
26. For all hydrogen storage options (compressed hydrogen, liquid hydrogen, metal 
hydride and underground storage), the larger the capacity of storage the lower the unit 
cost, except for metal hydride. (Amos 1998) 
27. Metal hydride is currently sold on a pre-commercial basis, but could be an alternative 
to compressed hydrogen storage cylinders in the future- but only for very small 
capacities (up to 15 Nm^) (H-SAPs 2001). 
b) Conclusions Reached Regarding Hydrogen Supply Scenarios/Pathways in a 
Particular Location 
Delivered Hydrogen Costs: Important Components/Criteria 
28. For small on-site SMR systems, the main component (about half) of the unit cost of 
delivered hydrogen is the capital cost of the equipment, and of this, production costs 
make up the majority, followed by storage costs. For hydrogen from large SMR 
plants the contribution of capital costs to the delivered hydrogen cost is not as 
significant. 
29. For hydrogen from small electrolysers, electricity costs are often the highest 
component of the delivered hydrogen cost, so the cost of electricity is crucial to the 
viabihty of the latter hydrogen supply option. 
30. Sensitivity analyses have shown that the load factor (or utilization factor) at a 
refuelling station has a big effect on the cost of hydrogen delivered. (One report has 
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shown that increasing the utihzation factor of an on-site SMR plant from 50% to 
100%, will decrease the delivered hydrogen cost by 40% (Schoenung 2001).) 
31. Aldiough all production-deUvery pathways considered are sensitive to the discount 
rate, variations in the latter do not affect the relative costs of the various pathways to 
each other (Lasher, James et al. 2004). It is also found that the relative costs of the 
pathways do not change with near term changes in efficiencies and capital costs of the 
equipment. 
Delivered Hydrogen Costs: Comparison of Production-Delivery Options 
32. Hydrogen from electrolysis using off-peak electricity could produce hydrogen 
competitive with gasoline for early FCV fleets. (Thomas and Kuhn 1995) 
33. With the use of low cost off-peak electricity, the cost of hydrogen produced from 
electrolysis does not fall, as the equipment will have low utilisation (it would only be 
working for about 12 hours a day) (ADL 2002). 
34. For small demands of hydrogen (<1 ton/day) transporting excess hydrogen from an 
existing production plant, by truck, to the point of use is a far less costly option than 
on-site hydrogen production from SMR or electrolysis. 
35. For small volumes of hydrogen (0.28 to 1.4 tons/day) on-site electrolysis is less costly 
than current small on-site SMRs. 
36. Small on-site SMRs designed for fuel cell use are the least expensive option for areas 
where natural gas costs are much lower than electricity costs (making electrolysis 
uneconomic) (Ogden 1999). 
37. The least cost production-delivery pathway is LH2 centrally produced from SMR and 
transported as LH2 by road to the refuelling point. On-site SMR only becomes 
competitive with this pathway for flow rates higher than 48 GWh/yr. (Stromberger 
2003) ' '^ . 
72 In this report, in the case of the off-site pathways high flow rates are assumed for the production plant 
(>200t/d) and a load factor of 100%. 
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c) Conclusions Reached Regarding Market Development of Hydrogen Vehicles and 
Competitiveness with Petrol and Diesel 
Market Development Scenarios for Hydrogen Infrastructure 
38. For early market entry, where numbers of vehicles to be supported are less than 10, 
hydrogen refuelling options are limited to small electrolysers (particularly factory-
built ones made in large numbers). 
39. The two other most economically attractive hydrogen supply options in the short 
term, are advanced small scale on-site SMRs (still under development) and truck-
delivered liquid hydrogen from existing plants. 
40. Current SMR units are not smaller than around 0.2 t/d, which supply in the region of 
50 FCVs, so they would not be suitable for lower levels of demand. 
41. Although electrolysers play a key role in getting the market started, SMRs are 
expected soon to dominate the market because of their lower costs, preventing the 
electrolyser market from taking off over this period (1997 to 2008) (Thomas, James 
et al. 1998). 
42. Even in the sunniest areas in the world, such as Phoenix, Arizona, it is not likely for 
PV hydrogen to enter the transport market in the short to medium term. (Ogden and 
WilUams 1989). 
Competitiveness of Delivered Hydrogen Cost Compared to Petrol and Diesel 
43. Hydrogen from large SMR plants (>27 t/d) transported by truck or pipeline to the 
point of use, is competitive with the current cost of taxed gasoline in the U.S. (in 
terms of $/km), but will need to be supplying around 50,000 FCVs. (Thomas, James 
et al. 1997). 
44. For small fuelling stations supplying less than 50 cars, electrolytic hydrogen is cost-
competitive with fully taxed gasoline as long as electricity costs are between 2-
4cents/kWh, depending on economic assumptions. (In some regions off-peak 
electricity does cost as little as this in the US.) (Thomas and Kuhn 1995) 
45. The most economical hydrogen fuel chains would be over two times more expensive 
than gasoline on a $/GJ basis (in the U.S.).(ADL 2002) 
46. Scenario analysis (in the US) of four different hydrogen production and delivery 
pathways (considering only SMR and electrolysis as production technologies) showed 
that for an 80 mpg-equivalent hydrogen vehicle, running costs would be 4.5-11 
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cents/mile ($30- $75/GJ), which is competitive with current running costs of gasoline 
ICE vehicles (Berry 1996). 
47. In order to achieve hydrogen costs competitive with current gasoline prices, 
production volumes for stations will need to reach levels in the lOOO's. (This assumes 
units are made from the same manufacturer.) (Weinert 2005). 
48. For the size of station considered (0.115 t/d) when a DFMA process of cost 
evaluation is applied, the resulting unit cost of hydrogen is very close to that of taxed 
petrol on a vehicle-mile basis (it is assumed that hydrogen FCVs are 2.2 times as 
efficient as current ICEVs) (Myers, Ariff et al. 2002). 
d) Other conclusions 
49. Hydrogen demand scenario analysis, in California, for the period, 1997 to 2030, 
suggests that after 2015 hydrogen fuel retailers start to make profits, which steadily 
increase to more than 20% at the end of the period (Thomas, James et al. 1998). 
50. The breakeven point for various investors for selling hydrogen for transport in 
different European countries occurs around 2020 (period of analysis is 2010 to 2030). 
With an at least 10 year period before profitability, larger companies are at an 
advantage (E4tech 2005). 
51. Credit from the selling of oxygen as a by-product from the electrolysis of water to 
produce hydrogen can, as expected, off-set costs of hydrogen production (Ogden and 
Williams 1989). 
52. The cost difference between a cascade and booster method of storage/dispensing is 
insignificant ((Ogden, Dennis et al. 1995) and (Weinert 2005)). 
53. Existing analyses of the economics of hydrogen infrastructure under-estimate the 
costs of building hydrogen stations in the near-term. They often omit important 
installation costs such as permitting and site development, and overlook operating 
costs such as liability insurance and maintenance. Many analyses also use equipment 
costs associated with higher production volumes than what industry is experiencing 
today (J. Weinert 2005). 
54. Stations where the hydrogen produced is used both for transport applications and 
energy production (referred to as 'energy stations') have the potential for lower costs 
due to increased equipment utilization (J. Weinert 2005). 
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55. When designing and planning infrastructure to meet a foreseen demand (in Germany) 
it is shown that by exploiting economies of scale a higher reduction in costs is 
achieved than by utilizing learning effects (Stromberger 2003). 
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Appendix 2; Contacting Companies 
Several companies were contacted in order to obtain cost data, and in some cases, technical 
data as well, with regard to the various hydrogen infrastructure equipment. Some 
companies (or institutions) were asked to first verify data found in published literature, and 
then to supply further information. These companies are those hsted in table 2.4a in chapter 
2. The questions asked from these companies varied depending on the type of equipment 
they supplied. Questionnaire (1) below, is an example of the list of questions sent to these 
companies. Company Z is a suppher of SMRs . 
Questionnaire (1) 
1- Have the costs from Company X (given in Report Y), shown in the attached table, 
increased or decreased? By how much? (These costs are said to include SMR, shift 
reactor, PSA and NOx control.) 
2- In Report Y, an equation is given^^ for the relationship between the capital costs of 
small SMRs and their capacity, and the source is said to be Company X. Is this 
equation still valid, and how is it different for larger SMRs? 
3- How do you think costs will come down with large number of units manufactured? 
E.g. by what percentage for each doubhng of units? 
4- What are the other costs to the customer: installation, shipping, other overheads, etc.? 
5- What percentage of capital costs are the annual O&M costs? 
6- What is the energy (NG) conversion efficiency of your SMR plants (peak and 
operational)? 
7- What is the electricity usage of your SMR plants? 
8- What is the water consumption of your SMR plants? 
9- How many operators are required for each plant- how many hours a day? 
10- What is the level of skill required by the operators? 
11- What is the footprint per unit output of your SMR plants? 
12- What is a typical pressure for the hydrogen produced from your SMR plants? 
13- What is the lifetime of your SMR plants? 
This equation was quoted in the actual questionnaire. 
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Other companies contacted were those which were well known for supplying and 
manufacturing one or several hydrogen infrastructure equipment (and did not fall into the 
first category). Some companies contacted were not suppUers of the equipment but run 
hydrogen refuelling stations, such as BP. The list of companies contacted is given in table 
Il.a. Again, the questions asked from these companies depended on the type of equipment 
they supplied or the service they provided, but they were similar to those in Questionnaire 
(!)• 
The above-mentioned questionnaires were part of the initial contacts made with the relevant 
specialist within a company. In the cases where a positive reply was obtained, further 
correspondence would follow, often in the form of emails, or in some cases phone calls. In 
a few cases where a good rapport was established this further correspondence would 
culminate in amassing useful data on both technical and commercial aspects of hydrogen 
infrastructure equipment. In some cases further insight would be obtained into certain 
parameters. For example, in the case of SMR, it was found that factors such as electricity 
use, footprint and water usage varied with the production capacity, and the relationships 
were derived from the data obtained. Another example is the information given by some 
companies on the expected future developments in the markets for various pieces of 
equipment; these were used in developing the time-related scenarios described in chapter 5 
(see section 5.2.2). 
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Table 11. a: Companies Contacted 
Companies Contacted Positive Response Negative Response 
Air Products and Chemicals X 
Howe-Baker Engineers X 
BOC X 
RIX Industries X 
Norsk Hydro X 
BP X 
Aral (part of BP) X 
Haldor-Topsoe X 
Praxair X 
Hamilton Sundstrand X 
Teledyne Brown Engineering X 
Air Liquide X 
Linde X 
FIB A Technologies X 
Dynetek Industries X 
Stuart Energy X 
CP Industries X 
Powertech Laboratories X 
Quantum Fuel Systems X 
Proton Energy Systems X 
TransCanada Pipelines X 
PDC Machines X 
Pressure Products Industries X 
FTI International X 
FuelMaker X 
NOV Systems X 
As shown in table II.a, some companies did not give any information on their products. 
These companies were contacted several times, but to no avail (some were pursued more 
vigorously than others as the information required was more scarce). The companies that 
did respond varied in the amount of data which they were willing to divulge. Some only 
gave technical information and/or gave references of recent useful pubhcations, others gave 
much more extensive data, both technical and commercial. 
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Appendix 3: Breakdown of Process Costs 
The costs of the processes making up a hydrogen infrastructure are made up of a number of 
constituents, e.g. capital, O&M and energy costs. The dominance of these different 
constituents changes with flow rate or hydrogen output. Here the constituent costs for the 
following processes are shown for a range of flow rates: 
1) SMR 
2) Alkaline Electrolysis 
3) PEM Electrolysis 
4) Compression 
5) Liquefaction 
6) CH2 Storage 
7) LH? Storage 
8) Dispensing 
In all cases the load factor is at its baseline value (of 70%), as are other parameters such as 
price of electricity and gas, and discount rate. 
The dominance of a particular constituent means that the unit cost of hydrogen will be 
sensitive to any changes in the parameters associated with that constituent cost. For 
example, in the case of electrolysis, the cost of electricity makes up a significant percentage 
of the overall unit cost, therefore the unit cost of hydrogen in this case will be sensitive to 
the price of electricity and the efficiency of the electrolysers (chapter 9, section 9.1.4.1). It 
can also be seen that the percentage of constituent costs vary with flow rate. In particular in 
the case of SMR; for low flow rates the capital costs dominate, while at higher flow rates 
(>lt/d) it is the cost of NG that dominates. 
450 
















0.1 1 5 10 





























• W a t e r 
• Cool ing 
• E lec. 
• O & M 
• Capi ta l 
0.1 0.5 1 
Flow Rate (t/d) 
451 
















0.1 0.2 0.5 
Flow Rate (t/d) 
• Land 
• Labour 
• W a t e r 
• Cool ing 
• E lec. 
a O & M 
• Capi ta l 

















• E lec. 
• O & M 
• Capi ta l 
0.1 5 10 
Flow Rate (t/d) 
15 
452 
5) Hydrogen Liquefaction Costs 
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7) Liquid Hydrogen Storage Tank Costs 
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Appendix 4(a): Selection of Pathways for Sensitivity Analysis 
As mentioned above, the sensitivities of the various input parameters are likely to be 
different for each pathway, and possibly for different flow rates (and other logistic criteria), 
as the constituents of the total unit cost of hydrogen will be affected by these factors. It can 
be seen from figure IV.a that in the case of on-site pathways, for different production 
technologies^'^ the constituents are very different. At a low flow rate of 0.1 t/d, the cost 
constituents are similar for all pathways, but at higher flow rates, the two pathways with 
electrolysis become different from that with SMR. The former pathways have relatively 
higher production costs (compared to other costs) at higher flow rates. 
In addition, the constituents of the unit costs for all three pathways are different at the low 
flow rate (O.lt/d) compared to the other flow rates. This is particularly so in the case of the 
electrolysis pathways. 
For the electrolysis pathways it might seem appropriate that the sensitivity analysis should 
be carried out for two different flow rates, such as 0.1 t/d and 0.8 t/d, as they might yield 
different results. However, as the two electrolysis pathways have very similar cost 
constituents as well as input parameters, a sensitivity analysis for one of these (but for two 
different flow rates) is judged sufficient. 
Therefore, for on-site pathways with varying production technologies, sensitivity analyses 
have been performed for the following pathways and flow rates: 
SMR+ CHz stoage+CH2 dispensing at a flow rate of 0.8 t/d 
Alkaline electrolysis+ CH? storage + CH2 dispensing at flow rate of 0.8 t/d 
PEM electrolysis+ CH? storage -f- CH2 dispensing at flow rates of 0.1 and 0.8 t/d 
74 All pathways have the same type of hydrogen storage (as CH2 in cylinders) and dispensing (as CH2). 
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Figure IV.a: Breakdown of Unit Cost of Hydrogen at Different Flow Rates: On-site 
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For different on-site storage-dispensing options, the unit cost constituents will be different 
in both level and type. Figure IV.b shows on-site pathways with the same production 
technology (SMR) but varying storage and dispensing regimes, for three different flow 
rates. It can be seen that changing the flow rate does not affect the relative levels of the cost 
components. It is also apparent that all the storage-dispensing options which include a 
liquefaction process have similar cost component patterns. 
For on-site pathways with varying storage-dispensing regimes, sensitivity analyses have 
been performed for the following two pathways, as between them they cover all pieces of 
equipment involved: 
SMR + CH? storage -t- CH? dispensing 
SMR + LH? storage + LH? dispensing 
As the effect of changing the flow rate is small, the analyses have been canied out for just 
one flow rate: 0.8t/d. 
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Figure IV.b: Breakdown of Unit Cost of Hydrogen at Different Flow Rates: On-site 
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For off-site pathways, as well as hydrogen production, storage, compression, liquefaction 
and dispensing, there are the transportation options. These options include pipeline 
transportation of CH2, road transportation of CHg, and road ti'ansportation of LH2. 
Each of these options has a different set of equipment and requirements associated with it 
(e.g. compressors, liquefiers, storage pressures) which will affect the relative importance of 
the cost of transportation. For example, in the case of the pathway with LH2 by road, there 
is a hquefaction process involved- as the latter is relatively costly, it will dominate the 
overall unit cost, hence reducing the importance of the transportation cost and so lowering 
the effects of the input parameters related to the transportation cost. 
As discussed in chapter 7, level of flow rate also affects the cost of transportation. Figure 
IV.c shows the relative costs of transportation for the three different options, for three 
different flow rates. It can be seen that changing the flow rate only has a significant effect 
on the pattern of costs for the pathway with pipeline transportation. The contribution of the 
cost of both LH2 and CH2 transported by road to the overall unit cost is small, for all flow 
rates considered. 
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Figure IV.c: Breakdown of Unit Cost of Hydrogen at Different Flow Rates: Off—site 
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Other logistic factors that will affect the relative costs of transportation are number of 
refuelling stations and distance transported (see chapter 7, section 7.2.1). Figures IV.d and 
IV.e show the effect of vai'ying these on the relative cost components making up the unit 
cost. In each case when one variable is being changed the others are kept constant at their 
baseline values (these are shown in table 9.1a in chapter 9). As the number of refuelling 
stations is increased the flow rate at the stations is decreased, in order to keep the total flow 
rate the same; e.g. for 10 refueUing stations the flow rate at each station is 0.8 t/d, and for 5 
refuelling stations it is 1.6 t/d. 
Note that for the pathway including road transportation of CH? only lower flow rates are 
considered. This is because the long load/unloading times do not make this method of 
transportation feasible for flow rates higher than 0.35 t/d at the refuelling stations (see 
section 7.2.2 chapter 4). 
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Figure IV.d: Breakdown of Unit Cost of Hydrogen: Off-site Pathways with Vaiying 
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Figure IV.e: Breakdown of Unit Cost of Hydrogen: off-site Pathways with Varying 
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As can be seen in figures IV.c, IV.d and IV.e, flow rate, number of refuelling stations and 
transportation distance do affect the percentage shares of the constituents of the unit costs. 
However, in all cases varying the levels of these logistic factors does not affect the relative 
importance of the contribution from transportation. In the case of pipeline transportation, 
the cost of transportation makes up a relatively high percentage of overall costs, while for 
pathways including CH2 by road transportation costs are less dominant. As for pathways 
with LH2 by road, transportation costs are a minor part of overall costs. 
The above analysis shows that the off-site pathways that need to be covered in the 
sensitivity analysis are: 
SMR + CH2 by pipeline + storage and dispensing as CH2 
SMR + liquefaction + LH2 by road + storage as LH2 + dispensing as CH2 
SMR + CH2 by road + storage and dispensing as CH2 
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Appendix 4(b): Tables of Values for Input Parameters 
The tables below contain the baseline as well as low and high limit values for all the input 
parameters considered in the sensitivity and uncertainty analyses in chapter 9. Some of the 
data are from literature and/or industry experts, some are estimates based on other similar 
data. The estimated data is given in italics. The sources of the data which have been 
obtained from literature and/or industry experts are given in relevant tables in chapter 4. 
The last two columns give the percentage difference between the low and high limit values 
and the baseline value. In cases where the high and low values for the constants related to 
the input parameter are given, the percentages apply to the parameter itself (e.g. capital 
cost)- not the constants. [The constants, such as a and b relate a particular parameter to 
another input parameter, e.g. as can be seen in the following equation the capital cost of a 
piece of equipment can be related to its capacity in this way: 
capital cost = a (capacity)''; see chapter 4 for more explanation.] 
In the case of capital costs where the data has been obtained from industry sources, the high 
and low limit values given in the tables below are not those used in the uncertainty analysis; 
instead an estimated variation of 10% from the baseline has been assumed (see section 
9.2.3, chapter 9). 
The first three tables, tables IV.a, IV.b and IV.c, include the parameters associated with the 
three hydrogen production technologies considered by the modelling analysis. The 
sensitivity of the unit cost of hydrogen to these parameters is shown in figures 9.1a, 9.1b, 




Input Parameters Baseline Low High % down % up 
Capital Cost Constants: a 1.24 0 J 3 2 ^ 5 60 100 
b -0.6 -0.35 -0.7 
O&M Cost as % of capital 2.7 1.5 3 44 11 
NG Consumption (kWh/kg) 5 ^ 9 4&3 5&2 10 8 
Elec. Use Constants: c 2.3 1.8 2.8 21 21 
d - 0 3 0 6 - 0 2 4 - 0 J 7 
Water Use Constants: e 8 12 20 17 
f -0.1146 -0.09 - 0 J 4 
Labour (no. of Engineers)* 0 0 1 0 N/A 
Output Pressure (bars) 10 1 24 90 740 
Lifetime (yrs) 15 15 20 0 33 
Footprint Constants: g 44&2 12Z9 754.3 72 41 
h &336 0.479 0.301 
Installation Cost (as % of capital) 15 10 20 33 33 
Shipment Cost (as % of capital) 4.5 3.8 5.5 16 22 
Baseline assumption is that plants smaller than 5t/d will not require engineer supervision, 
Table IV.b: 
Alkaline Electrolysis 
Input Parameters Baseline Low High % down % up 
Capital Cost Constants: a 1.05 0.70 3 ^ 2 30 150 
b ^ ^ 9 -0.65 -0.11 
O&M Cost as % of capital 2 0.3 3.6 85 80 
Elec. Consumption (kWh/kg) 5&5 5 2 ^ 6 7 ^ 13 14 
Water Consumption (1/kg) 10.6 9.5 11.25 10 6 
Cooler Cost (£) 17500 15000 20000 14 14 
Output Pressure (bars) 10 24 1 140 90 
Lifetime (yrs) 13.5 20 7 48 48 
Footprint Constants: c 3.07 2.5 3.5 79 22 
d 0 3 9 0.2 0.4 
Installation Cost (as % of capital) 5.5 3 8 45 45 
Shipment Cost (as % of capital) 3.5 2 5 43 43 
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Table IV. c: 
PEM Electrolysis 
Input Parameters Baseline Low High % down % up 
Capital Cost Constants: a 0.44 0.12 3.6 75 200 
b -0.61 -0.54 - 0 2 8 
O&M Cost as % of capital 2.6 2.1 3.2 19 23 
Elec. Consumption (kWh/kg) 67.2 6Z3 72.1 7 7 
Water Consumption (1/kg) 10.6 9.5 11.25 10 6 
Cooler Cost (£) 17500 15000 20000 14 14 
Output Pressure (bars) 14 15 13 7 7 
Lifetime (yrs) 6 7 5 17 17 
Footprint Constants: g 0.61 0.5 0.7 76 91 
h 0 ^ 8 0.3 
Installation Cost (as % of capital) 9.5 8 11 16 16 
Shipment Cost (as % of capital) 3.5 2 5 43 43 
Tables IV.d and IV.e below, include input parameters associated with the storage and 
dispensing of compressed and liquefied hydrogen respectively. In the case of compressed 
hydrogen input parameters associated with hydrogen compression are included, and in the 
case of liquefied hydrogen those associated with liquefaction are included. The sensitivity 
of the unit cost of hydrogen to these parameters are shown in figures 9.1e and 9. If in 
chapter 9. 
464 
Table IV. d: 
CH2 Storage +CH2 Dispensing 
Input Parameters Baseline Low High % down % up 
CH2 Storage Cylinders: 
Capital Cost of Storage cylinders 30 30 
Number of storage days 1 0.5 1.5 50 50 
Max. no. of storage cylinders on ref. 
site 200 700 JOO 50 50 
Storage Pressure 200 60 jOO 70 50 
O&M Cost of Cylinders as % of capital 1 0.5 1.4 50 40 
Lifetime (yrs) 15 20 15 33 0 
Footprint (m^/kg) 0.15 0.11 0.18 24 24 
Safety Perimeter (m) 6.5 5 8 23 23 
% Over-size of CH2 cylinders 30 20 40 33 33 
Compressor: 
Capital Cost Constants: a 12,886.0 9,611.4 19,209.0* 22 71 
b -0.54 -0.53 -0.54* 
O&M cost of Compressor as % of 
capital 15 12 18 20 20 
Compression Ratio 4 2 9* 50 125 
Compressor Efficiency (%) 65 75 55 15 15 
Lifetime (yrs) 30 35 25 17 17 
Footprint (mVkg) 5.85 4 7.5 32 28 
CH2 Dispensing: 
Capital Cost of Dispenser (£) 30126 25438 34813 16 16 
O&M cost of Dispenser as % of capital 2 1.6 3 20 50 
Capital Cost of Storage Valve (£) 7118 jJOO 8500 23 19 
Electricity Consumption (kWh/kg) 0.001 0.0005 50 50 
Flow Rate (kg/min.) 1 3** &5** 200 50 
Pressure for dispensing (bars) 444 444 700 0 58 
Labour (person) 0.5 0 1 100 100 
Wages (£/hr) 10 6 15 40 50 
Lifetime (yrs) 15 20 10 33 33 
Footprint (m2/kg) 7.5 5 10 33 33 
Other Parameters: 
Installation Cost (as % of capital)*** 7.5 5 10 33 33 
Shipment Cost (as % of capital)*** 3.5 2 5 43 43 
*These values are for diaphragm compressors. 
** More extreme values than these were also given, but most fell into this range. 
*** These installation and shipment costs are for the storage cylinders, compressor and dispensing equipment. 
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Table IV. e: 
LH2 Storage h-LHi Dispensing 
Input Parameters Baseline Low High % down % up 
Storage Tank: 
Capital Cost Constants: a 2 3 4 8 19891 4 4 
b - 0 . 4 3 7 -0.723 
Number of storage days 1 0.5 1.5 50 50 
Max. no. of storage cylinders on ref. 
site 200 7 0 0 JOO 50 50 
O&M Cost of Cylinders as % of capital 0.7 7 . 0 5 50 50 
Cooling Water Requirement (1/kg) 6 2 & 5 JOO 9 5 0 52 52 
Cost of Water Cooling (p/1) 0.1 0 . 0 5 0 J 5 50 50 
Lifetime (yrs) 15 10 20 33 33 
Footprint constants: c 0 . 1 9 5 8 0 J 5 C U 2 79 71 
d -0.4151 -0.55 - 0 J 7 
Safety Perimeter (m) 6.5 5 8 23 23 
% Over-size of CH2 cylinders 25 15 35 40 40 
Liquefier Costs: 
Capital Cost Constants: a 5 2 6 3 3 J 8 1 6.7 36 50 
b -0.4114 -0.455 - 0 J 5 
O&M Constants: c -0.0058 - 0 . 0 0 8 8 - 0 . 0 0 2 8 10 19 
d 3 . 8 0 2 1 3.5116 4.1 
Energy Use Constants e 16 23 13 11 
f -0.1041 - 0 . 0 8 -0.13 
Lifetime (yrs) 20 15 25 25 25 
Footprint (m2/t/d) 6 4 8 33 33 
LH2 Dispensing Costs: 
Capital Cost of Dispenser (£) 8 5 J 9 6 70,000 100,000* 17 17 
O&M cost of Dispenser as % of capital 2 1 .6 3 20 50 
Electricity Consumption (kWh/kg) 0.001 0 . 0 0 0 5 & 0 M 5 50 50 
Flow Rate (kg/min.) 2 2 2.5 0 25 
Labour (person) 0.5 0 1 100 100 
Wages for Dispensing (£/hr) 10 6 15 40 50 
Lifetime (yrs) 15 10 20 33 33 
Footprint (m2/kg) 7.5 5 10 33 33 
Other Parameters: 
Installation Cost (as % of capital)** 7.5 5 10 33 33 
Shipment Cost (as % of capital)** 3.5 2 5 42 42 
* Although values higher than this were given, the majority of costs 
**These installation and shipment costs are for the storage cylinders 
fell into this range. 
compressor and dispensing equipment. 
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Tables IV.f, IV.g and IV.h include input parameters associated with the three modes of 
hydrogen transportation considered in the modelling analysis. These tables also include 
certain parameters related to the storage of hydrogen in the case of an off-site 
infrastructure, i.e. where the production and refuelling sites are sepai'ate. The wages for 
engineers working on the production site are also included in these tables, as these apply to 
large off-site hydrogen production (hydrogen production sites <5t/d are assumed to be 
unmanned'^ - see chapter 4). The sensitivities of the unit cost of hydrogen to the input 
parameters listed in these tables are shown in figures 9.1g, 9.1h and 9.1i in chapter 9. 
zv.y:' 
Pipeline Transportation of CH, 
Input Parameters Baseline Low High % down % up 
Pipeline: 
Unit Capital Cost of Pipeline (£/m) 
Related to 
width of 
pipeline 70-95%* 30%* 
Annual O & M Cost (as % of capital 
cost) 0.5 0.5 1 0 700 
London related fixed costs (£/m) 230 170 290 26 26 
Inlet Pressure (bars) 30 20 100 33 233 
Outlet Pressure (bars) 5 3 5 40 0 
Pipeline terminus footprint (m") 20 15 2 5 25 25 
Lifetime (yrs) 30 25 35 17 17 
Other Parameters: 
Max. no. cyhnders on prod, site 1000 7500 50 50 
No. of storage days at prod, site 0.5 1 1.5 50 50 
Storage Pressure required at prod, site 
(bars) 30 20 50 33 66 
Storage Pressure required at ref. site 
(bars) 200 60 250 70 25 
Wages for Engineers at prod, site (£/hr) 15 10 20 33 33 
* These are for the typical range of pipeline diameters: 0.5 to 5 inches. 
As the baseline production capacity for off-site networks with CH2 by road transportation is 3 t/d, it is 
therefore assumed that no engineer is required. For production capacities larger than 5 t/d, one engineer per 
site is assumed. 
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Table IV.g: 
Transportation of CHt by Road 
Input Parameters Baseline Low High % down % up 
CHi by Road: 
Unit capital cost of CH2 trailer (£/kg) 365 245 568 33 56 
Annual O&M cost (as % of capital) 2.7 2 3.5 26 30 
Fuel (Diesel) consumption (1/km) 0 J 9 2 0 3 8 5 &392 1.79 0 
Price of Diesel (pA) 0 ^ 9 0.8 0 4 8 10 10 
Lifetime of trailer(yrs) 40 30 50 25 25 
Footprint for loading/unloading (m") 39 38 40 3 3 
Driver wages (£/hr) 14 10 14 29 0 
Vehicle tax and Insurance 
(£/yr/vehicle) 3000 2000 4000 33 33 
Losses due to off-loading (% per day) 25 20 30 20 20 
Trailer capacity (kg) 345 300 400 13 16 
On-board Pressure (bars) 228 165 228 28 0 
Load/unload time (hrs) 4 3.5 4.5 12 12 
Av. Speed of vehicle (km/h) 50 30 70 40 40 
Other Parameters: 
Max. no. cylinders on prod. Site 1000 500 7500 50 50 
No. of storage days at prod. Site 2 1 3 50 50 
Storage Pressure required at prod, site 
(bars) 200 60 250 70 25 
Storage Pressure required at ref. site 
(bars) 228 165 228 10 1 
Table IV.h: 
Transportation of LHt by Road 
Input Parameters Baseline Low High 
% 
down % up 
LH2 by Road: 
Unit capital cost of LHt truck (£/kg) 215 150 215 30 0 
Annual O&M cost (as % of capital) 0 ^ 6 0.35 0 ^ 6 38 0 
Fuel (Diesel) consumption (Vkm) &392 &385 0 3 9 2 2 0 
Price of Diesel (p/1) 0 ^ 9 0.8 0 4 8 10 10 
Lifetime of truck (yrs) 30 20 40 33 33 
Footprint for loading/unloading (m2) 39 38 40 3 3 
Driver wages (£/hr) 14 10 14 29 0 
Vehicle tax and Insurance 
(£/yr/vehicle) 4000 3000 5000 25 25 
Losses due to off-loading (% per day) 10 5 10 50 0 
Truck capacity (kg) 3492 3400 4000 3 15 
Load/unload time (hrs) 3.5 3 4 14 14 
Av. Speed of vehicle (km/h) 50 30 70 40 40 
Other Parameters: 
Max. no. cylinders on prod. Site 1000 500 1500 50 50 
No. of storage days at prod. Site 5 4 6 20 20 
Wages (for Engineer) at prod, site 
(f/hr) 15 10 20 33 33 
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Tables IV.i, IV.j and IV.k include logistic, local and 'other' input parameters respectively. 
The sensitivity of the unit cost of hydrogen to these parameters are shown in all, or several 
of the figures in section 9.1.4 of chapter 9. This is so, as these parameters are relevant to all 
or several of the production-delivery pathways considered. 
/ y . ; ; 
Logistic Input Parameters 
Baseline Low High % down % up 
Flow rate at Refuelhng Stations (t/d) 0.8 CW* 1.6* 50 100 
Flow rate at Refuelling Stations for 
CH2 Dehvery by Road (t/d) 0.3 c u * 0 3 5 * 66 17 
Distance (km) 20** 5 40 75 100 
No. of refuelling stations 10 5 15 50 50 
* These upper and lower limits represent the range of values most frequently used in this thesis. 
** This is an average baseline value- the baseline delivery-distances assumed range between 10 and 40 km. 
Table IV.j: 
Local Input Parameters 
Baseline Low High % down % up 
NG Price* (p/kWh) 1.2 1.1 1.3 8 J 3 8 3 3 
Electricity Price* (p/kWh) 3.7 3.3 4.1 10.81 10.81 
Price of Land** (£/m^) 400 300 500 25.00 25.00 
Price of water (p/1) 0.055 0.0*5 0.06J 
Discount rate (%) 12 10 14 16.67 16.67 
Load factor (%) 70 90 30 2 8 ^ 7 57.14 
* The variability in energy prices is based on possible fluctuations in one year. 
** The variability in land prices is based on prices of land in different locations. 
Table IV.k: 
Other Input parameters 
Baseline Low High % down % up 
Project Costs: {% of capital): 
Eng., Site dev., planning 20 10 30 50 50 
Contingency Cost 10 5 15 50 50 
Footprint Contingency (%) 20 10 30 50 50 
% Losses in various processes** 0.1-0.4% 0 ^ 5 0.7 50 50 
No. of hrs. of work for staff per day 12 8 16 33 33 
No. of operating days in a year 360 .)00 17 1 
** These percentage losses do not include those incurred when loading or off-loading hydrogen from a truck 
or tube trailer. 
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Appendix 5: Producer Price Indices 
Table V.a below shows the producer price indices (PPI) used in this thesis. These indices 
show how much prices have (on average) increased from a paiticular year to 2004. In order 
to adjust for inflation, prices given in any particular year (in US Dollars or Euros), have 
been divided by the coixesponding indices and multiphed by 100 to convert them to 2004 
US Dollars, or 2004 Euros. 
Table V.a: Producer Price Indices 
Year US PPI* Euro-zone PPI** 
1993 8 3 J 
1994 8 4 ^ 
1995 8 7 ^ 
1996 8 9 ^ 
1997 89T 
1998 8 7 j 
1999 8 7 J 
2000 9 3 ^ 9 3 J 
2001 95.0 9 5 ^ 
2002 9 1 7 9 ^ 9 
2003 9&7 9&5 
2004 100 100 
These are for all commodities, and apply to middle of each year. Source: U.S. Dept. of Labour , Bureau 
of Labour Statistics (www.bls.gov/PDO/servlet/SurvevOutputServlet. accessed 2/11/2004). 
This includes all industries, except the construction industry. The above values are for the 9'*' month in 
each year. Source: Eurostat, Euro-Indicators News Release, 131/2004 
(http://epp.eurostat.ec.europa.eu/portal/Dage , accessed 4/11/2004). 
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